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Urban atmosphere is influenced by building structures. This study examines heat exchange between the 
urban canopy layer of a one-kilometer horizontal scale and the overlaying atmosphere, based on 
observation and theoretical calculation. 
The heat budget parameters in an urban area depend on the geometry of the urban canopy and, because 
of this, it is possible to estimate heat budget parameters using city planning data. We proposed estimation 
methods for the heat budget parameters. The estimated parameters allow us to evaluate the surface heat 
flux within an error of 50  Wm-2, and the surface temperature within 1 degrees C. The features of each 
parameter are summarized as follows: 
• Because of the multiple reflection, albedo decreases as the sky view factor increases . Albedo 
influence is so weak, however, that its impact on the heat budget is minimal. 
• The Stanton number, which is an expression of the relative efficiency of sensible heat transfer 
compared to momentum transfer, is smaller in areas with canopy structure than in areas with flat surfaces. 
Particular urban canopy structure should result in the minimum Stanton number. This was demonstrated 
by field observation and reanalysis of other wind tunnel studies. 
• The urban canopy structure causes an increase in the thermal property parameter  cp.1 because of total 
surface's increase. Theoretical calculation and field observation confirms this effect. 
Analyses of the major cities in  eastern Japan reveal that canopy structure should cause the heat island 
phenomena. The heat island intensity caused by canopy  structure is the same as in previous  observations. 
This leads to the conclusion that, along with anthropogenic heat and urban dry materials , urban canopy 
structure is one of the main causes of heat island phenomena. In addition, the geometrical structure of an 
urban canopy contributes to heat island formation at each stage of city growth.
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1. Background and objective of this 
study
 1.1 Heterogeneity in urban climate 
The heat island, a phenomenon, in which urban 
temperature is higher than that of the surrounding 
 rural area, has been recognized for many years . The 
concept had been introduced in London at the 
beginning of the 19th century. Yet a satisfactory 
quantitative evaluation of its causes has never been 
performed. 
Many studies have examined the heat island 
phenomenon. In one comprehensive study, Yoshino 
(1997) explained the heat island phenomenon using 
qualitative and climatic data. In another study, 
Kimura and Takahashi (1991), and Kondo and Liu 
(1998) used a numerical model to perform a 
quantitative evaluation of the heat island mechanism. 
Oke (1998) conducted a study that attempted to 
generalize the heat island phenomenon. With data 
gathered from some of his previous studies, Oke has 
proposed an empirical function expressing the heat 
island intensity with some parameters, such as the 
sky view factor. 
Aside from this work, surprisingly few studies 
performed a synthesized evaluation of the 
interaction between the various physical influences 
contributing to heat island intensity. The current 
repertory of urban climate study is less than 
satisfactory because urban climates cannot be 
assessed in a generalized manner. It is necessary to 
forgo generalizations to a certain degree in order to 
answer a social demand (Japanese Ministry of 
Environments, 2000). We have to have more 
generalized discussion which argue the common 
feature of all cities (Oke, 1999). The qualities of an 
urban climate also prevent generalization . The 
balance of this section will discuss these qualities 
with some examples from previous studies .
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Heat island intensity is broadly defined as the 
difference in air temperature between a city and its 
 surroundings. Figure 1.1-1 summarizes some of 
studies about population and heat island intensity 
(Yoshino and Yamashita, 1998). Although 
compelling questions, such as the relationship 
between population and heat island intensity, are 
shown in this figure, attention should be paid here 
only to the absolute value of the heat island intensity . 
Because of the horizontal size of Japanese cities, 
around 1  km, the air temperature field on one 
kilometer scale has a range of variability from 1 to 8 
degrees C. On the other hand, small-scale variability 
is also present in urban climates . Figure 1.1-2 shows 
temperature differences on alternately oriented 
streets (Narita, 1997). In this example, streets with 
an east-west orientation become shaded by 
surrounding buildings during the day, revealing a 
variability of 2 degrees C. It means that there is a 
temperature variation within a city area as same 
magnitude as the heat island intensity . This means 
that the heat island intensity varies greatly, 
depending on where the temperature is measured . 
Many studies have cited this problem already; some 
have attempted to manage this variation and 
determine the heat island intensity by using the 
averaged temperature data from many points. 
The problem of representation on the observed value 
occurs also with turbulent flux. Schmid et al . (1991) 
showed that variation in turbulent flux in an urban 
area reaches to  25-40% of absolute flux. In addition, 
the wide variation in land-cover and topographical 
features in rural areas is such that heat island 
intensity differs depending on where the rural 
temperature is measured (Fujino and Asaeda, 1999, 
and Grimmond et  al., 1993). The definition of  "rural" 
is also problematic because it is crucial in 
determining a reference point for the heat island 
(Yoshino and Yamashita, 1998). 
Returning to the examination of urban areas. the
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land-cover and a building's canopy structure greatly 
affect the heterogeneity of the urban atmosphere and 
compound the difficulty of assessing meteorological 
conditions in a particular area. Air temperature 
measured at one point represents only a very narrow 
range of the surrounding area, about 10 m, based on 
a building's geometry. (Problem (1) heterogeneity of 
atmosphere. Hereafter, the obstacles to accurately 
assessing urban climate will be noted in this 
manner.) Collecting air temperature data from many 
observation points and using the average value for 
the entire area could surmount this problem. This 
would require collecting data at more points (for 
example, Ito et  al., 1994) than typical network like 
AMeDAS, which is used for a synoptic-scale 
evaluation. The number of observation points 
required for determining a heterogeneity average, 
however, is not clear. This problem is a factor in 
boundary layer climates as well as in urban climates. 
There are some promising methods and concepts, 
such as blending height (Mason, 1988) and source 
area (Horst and Weil, 1994; Schmid, 1994). These 
would overcome the obstacle to obtain observations 
that accurately represent an area of spatial 
heterogeneity. 
Heterogeneity accounts for the meteorology and 
geophysics as well as the urban climate. An urban 
terrain is typically composed of complex features. 
On the viewpoint of boundary layer  meteorology, 
the heterogeneous qualities of the urban surface give 
rise to the following three points. 
1) Unevenness of earth surface (canopy structure) 
2) Composed of various types of land-cover. 
3) An additional heat source, anthropogenic heat, 
   occurs in various forms, at various points, and at 
  various times 
Buildings are the primary cause of unevenness in the 
urban surface. The materials used to construct the
 Background and  objective of this stud
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buildings and the design of the buildings adds 
variation to the urban land-cover (canopy). City 
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Fig.  1.1-2 Air temperature difference as a function of 
wind speed on alternately oriented streets (Narita, 
1997) 
1.2 Problems in urban climate study 
The primary obstacle in urban climate study is the 
acquisition of accurate, representative data, however 
establishing a  definition of  "urban" is also 
problematic. The commonly used definition of 
 "city" is ambiguous for the met
eorological 
discussion. It may be possible to use types of 
 "land -use" or DID as a way of distinguishing these 
areas. DID means a densely populated district. The 
 "land -use" classification and DID are system used
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by agencies for policy and planning purposes. These 
definitions, however, do not measure meteorological 
qualities and are therefore inadequate. 
For the purposes of this study, the term "land-cover" 
will be used in the meteorological sense, for 
expressing the earth surface  condition, as opposed to 
the  administrative, "land-use"  definition. Watanabe 
et al. (1993) evaluated the difference between 
 "land -cover" and  "land-use" by comparing satellite 
images of surface temperature and fine mesh 
land-use information (10 m mesh land-use) obtained 
from the Japanese Geographical Survey Institute. 
The surface temperature expresses the state of 
surface heat balance. Unfortunately, correspondence 
between the two sets of collected data was poor. This 
is because building materials and shapes are 
different at each location, despite sharing the same 
land-use classification. Watanabe et al. (1993) has 
pointed out that the classifications of "public 
institution  lot", "forest and wasteland", and "river 
and lake" are  particularly problematic. We can 
therefore conclude that it is better to classify land 
based on the physical classification rather than 
general land-use classification. (Problem 2  : 
land-cover classification.). 
Now we get into the factors for urban climate.
Examination of the various factors that influence an 
urban climate is crucial. Kimura (1992) used a 
physical perspective to summarize the causes of the 
heat island phenomenon. The results of his study are 
summarized in  Tab. 1.1-1. The  following factors 
contribute to the heat island phenomenon: 1) the 
majority of the sun's energy is conveyed into the 
atmosphere as sensible heat flux, since very little 
evaporation occurs on artificial land-cover; 2) 
anthropogenic heat is emitted into the atmosphere 
from sources like air-conditioners and cars. Many 
sensitivity tests have attempted to single out the 
main contributors to the heat island phenomenon 
(Atwater, 1972; Yoshida and Kunitomo, 1986; and 
Sugawara and Kondo, 1995). These studies have 
concluded that no one particular factor is more 
significant than another in its influence on urban 
climate. It is instead thought that many closely 
resembled factors influence the urban climate and it 
is therefore necessary to evaluate the effect of each 
factor separately. (Problem 3 many closely 
resembled factors on the urban climate.)
3
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Tab. 1.1-1 Factors that influence urban climate and their affect on air temperature. (Based on Kimura, 1992)
Factor Influence on air temperature
Anthropogenic heat dissipation  Day and nighttime warming
Decreased of evaporation because of
increase in nonporous surfaces
Day and nighttime warming
Increased daytime surface heat storage
Nighttime warming.
Cooling in the daytime
Decreased albedo due to canopy structure Day and nighttime warming
Decrease in radiation cooling due to canopy
structure
Warming in the nighttime
Increase of longwave radiation because of
air pollution particles
Day and nighttime warming
Decrease of turbulent heat flux due to
decreased ground wind velocity
Influence changes with time of day, between
in- and outside of a canopy
Increased turbulent heat flux because of
buildings
Influence changes with time of day, between
in- and outside of a canopy
Air pollution particles screen the solar
radiation
Day and nighttime cooling
Decreased solar radiation due to a building
canopy Cooling inside the building canopy
The influence of anthropogenic heat on urban 
climate is difficult to measure from a meteorological 
perspective, though it is likely a significant factor. 
Ichinose et al. (1999) demonstrated that the average 
amount of anthropogenic heat in the central part of 
Tokyo was about  100Wm-2 but could reach 
 300Wm-2  locally. These values are generally 
calculated from statistics on energy consumption or 
by  applying a fixed coefficient to every category of 
land-use. Nonetheless, there are many imperfections 
in quantitative estimates: 
• In general, the place where energy is consumed 
is different from the place where it is discharged into 
the atmosphere. For example, warm wastewater 
generated at a hot-water supply  system passes 
through the sewer and discharges heat into the 
atmosphere at the sewage disposal plant. 
• There are two types of air  conditioning:
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air-cooled and water-cooled. The air-cooled type 
discharges heat into the atmosphere as sensible heat; 
the water-cooled type discharges it as latent heat . 
The thermal impact on the atmosphere differs 
 greatly, depending on type. Considering the exterior 
facility of an air conditioner, however, it requires 
great efforts to survey on-site what type and where 
(on roofs or on walls) they are installed  (Miyahara et 
 al., 2001). 
• Anthropogenic heat is greatly influenced by 
social and economic activity and its impact on urban 
climate is continually changing (Adachi, 1997) . 
Because of this dynamic quality, however , its 
influence is hardly able to measure. 
Although many studies have been conducted in the 
fields of construction, and engineering, none have 
been able to conceive a suitable method for 
measuring their individual influences. In addition to
1
this, the heat budget of an urban area must account 
for not only the inflow of solar radiation, but the 
inflow of anthropogenic energy from sources like 
electric power and gas. Understanding the whole 
energy budget in a city cannot be completed by 
simply using meteorological measurements. 
(Problem 4:  anthropogenic heat). 
Finally, the impact of local circulation cannot be 
ignored, especially in a complex terrain like Japan. 
Most of Japan's cities are situated near the coast 
where air temperature distribution is constantly 
changing due to local circulation patterns, such as 
the pattern in a land-sea circulation. According to 
Shimoyama (1996), the influence of local circulation 
should be 4 degrees C. in Tokyo, which is almost of 
the same magnitude as heat island intensity. 
(Problem (5) : the influence of local circulation). 
The factors that influence an urban climate also 
make a generalized climate assessment difficult. 
The following list summarizes these problems: 
Problem No. 1: Heterogeneity of atmosphere. An 
observed spatial value in an urban climate is just the 
local value due to the heterogeneous atmospheric 
field. For this reason, a method for achieving an 
accurate spatial average measurement needs to be 
established. 
Problem No. 2: Land-cover classification. 
Classifying category of earth surfaces by 
meteorological parameters is different than 
classifying them by types of land-use. 
Problem No. 3: Many closely resembled factors, 
not a few major ones, influences an urban climate. 
Their physical processes are not yet clarified. 
Problem No. 4: Anthropogenic heat, such as those 
related to social and economic activity or to a 
 building's structure. 
Problem No. 5: The boundary layer structure is 
strongly influenced by the local circulation, like a
 Backeround and  objective of this stud
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sea breeze, as well as the city effect. 
The strategy for overcoming these problems will be 
discussed in the following section. 
1.3  Objectives of this study 
The purpose of this study is to examine the universal, 
as opposed to the case-specific features, of an urban 
climate. The factors influencing an urban climate 
(Tab. 1.1-1) can be summarized by the following 
three points: 
 (1) The urban area is covered with an artificial 
surface. 
 (2) The urban area has a canopy structure. 
 (3) Anthropogenic heat is present in the urban 
area. 
For the purposes of this  study, factors (1) and (2), 
will be emphasized with examination focusing on 
the following two themes: 
 A) Evaluation of the heat budget of an urban 
canopy layer, and 
 B) Clarification of the relationship between an 
urban canopy structure and the heat balance. 
Theme A focuses on establishing a  city's spatial 
average of heat budget and the heat budget by 
examining the urban canopy as a whole, rather in 
separate parts. Theme B focuses on the canopy 
structure. As shown in Tab. 1.1-1, the urban canopy 
structure is one of the essential elements of an urban 
climate. Heat island intensity differs in Asia, Europe, 
and the United States, as shown in Fig. 1.1-1. 
Although results have not been fully examined, it is 
likely that structural differences account for the 
variation in each city's climate. This figure also 
suggests the possibility that the urban  canopy 
influences a city's climate. 
Urban climate is a factor in city planning. Most cities 
have stringent environmental laws and its
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inhabitants are typically environmentally conscious. 
The structure of city canyons is a major concern for 
city planners; when properly structured canyons 
might be able to cancel out the creation of a heat 
island. Until now, few studies have discussed the 
systematic relationship between the structure of the 
urban canopy and the heat  island. Although 
numerical models are  powerful tools for measuring 
this relationship, the heat budget parameters of an 
urban area are often unreliable or unknown. The goal 
of this study is to focus on and clarify the urban 
canopy's effect on the heat island, and to develop a 
method for estimating a heat budget parameter from 
canopy structure data. In combination with recent 
developments in urban GIS (Geographical 
Information System) data collection, this method 
allows a wide application of numerical model study. 
We can calculate data in  any city that has structure 
data available. This study is unique in the field 
because of its examination of this point: the canopy 
structure effect on the urban climate.
1.4 Strategy overview 
This  study's spatial scale must first be established. 
As expressed previously, atmospheric heterogeneity 
in a city is severe. A target scale must assess the 
whole urban canopy layer, which will be roughly 1 
kilometer in size judging from the following analysis. 
The building height distribution was analyzed using 
the city planning data made by Tokyo City planning 
Bureau. This database contains the shape and height 
of each building. Figure 1.4-1 shows the area 
analyzed, which is the highly built-up area around 
Shinjyuku in Tokyo. The auto-correlation and 
spatial power spectrum were calculated for building 
height along the thick line in the figure. Figures 
1.4-1, 1.4-2 and  1.4-3 show the building height 
distribution, resulting auto correlation  coefficient 
and power spectrum respectively. Only the results of 
E-W baseline in Fig. 1.4-1 are shown, however they
 Back2round and objective of this stud
are similar to the result of N-S baseline. The last two 
figures indicate the unique horizontal size of city, 
less than 40m. This size corresponds to that of city 
block. That is, an urban area is composed with the 
units of building group on city block. Therefore, for 
horizontal scale in this study, one kilometer was 
adopted in order to include enough city blocks. This 
scale (1 km) allows us to treat the complex urban 
area as a simple rough surface; the buildings are 
randomly displaced roughness elements.
 W
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Fig. 1.4-4 Power spectrum on horizontal distribution 
of  building height along the E-W baseline in Fig. 
 1.4-1. The linear trend was removed for the analysis. 
Using this scale, urban area can be treated as a 
homogeneous rough surface. The horizontal size of 
the main Japanese cities is about one kilometer. This
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study will therefore calculate the area-averaged heat 
budget on the whole city. The vertical scale sets the 
bottom at ground level and the top at the highest 
canopy level (10-30  m). The classification of spatial 
scale in an urban climate study has been established 
by Nakamura (1994) and is shown in Fig.  1.4-5. The 
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 Fig. 1.4-5 Spatial-scale classification of urban 
climate  (Nakamura, 1994) 
There are four reasons for setting up such a spatial 
scale. One reason is the importance of the interaction 
between a canopy layer and the atmosphere, in a 
forest or an urban area. It is possible to derive the 
same results from examining a forest canopy as from 
examining a city canopy. The second reason is a 
practical one: city planners require meteorological 
data that focuses on the  whole city as well as its 
small buildings in dealing with current 
 CO2-reduction policies. The third reason is that few 
studies have been conducted of the surface heat 
budget on this scale. We do not know an actual 
feature in this scale. The fourth reason is that 
estimation of anthropogenic heat becomes easier by 
enlarging the spatial scale. 
Evaluation of the heat budget is based on our
1
observation data. Using the remote sensing 
technique is an effective solution to Problem  No.1: 
heterogeneity. Simply speaking, remote sensing 
measures the average brightness in a sensor field of 
view. Therefore, the area-averaged value can be 
easily obtained by setting up suitable resolution and 
a view field. Although it is said in many studies that 
coarse resolution is a fatal obstacle in remote sensing 
 observation, it becomes a big advantage when used 
for this purpose. 
We can use a canyon structure index to analyze the 
heat budget. We do not rely on land-use data. This is 
the solution to Problem No.2: Land-cover 
classification. 
On the other hand, an urban climate is not influenced 
solely by the surface heat budget. Factors such as 
anthropogenic heat also play a role, as shown in Tab. 
 1.1-1. The influence of local circulation is also used 
to interpret the actual temperature distribution. The 
weight of this study is on the explanation of the 
surface heat budget. Other factors mentioned above 
were treated as external. Quantitative evaluation of 
anthropogenic heat is still imperfect. Evaluation 
requires a  synthetic analysis and knowledge  of 
architecture, civil engineering and meteorology. In 
this study, the results from the most reliable analyses 
were used for  determining the specific value. 
The balance of this thesis is structured as follows: 
Chapter 2 defines the urban canopy "surface" using a 
scale of one kilometer  (city-scale). Chapter 3 
describes the observation details and some 
correction methods. In chapter 4, average surface 
heat budget parameters are evaluated on a city-scale. 
Parameter estimation methods using urban canopy 
structure are shown. In Chapter 5, surface heat 
budget is evaluated with representative city scale 
parameters. Evaluation of the heat budget is done by 
evaluating the heat budget of the boundary layer. In 
Chapter 5 also, the surface heat budgets in the 
Japanese cities are evaluated, and the  physical
8
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interpretation of the heat island 
discussed. Chapter 6 summarizes 
conclusions of this study.
phenomenon is 
main points and
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2. Heterogeneity of the urban canopy 
In approaching a surface area on the scale of several 
kilometers, it should be noted that the earth's surface 
is neither flat nor homogeneous, although most of 
the knowledge we have about the atmospheric 
boundary layer assumes homogeneity. The 
following two points are the causes of heterogeneity. 
(1) The  earth's surface is a mixture of various types 
   of land cover, each of which has different 
   physical properties. For example, an urban 
   canopy consists of asphalt pavement, concrete 
   roofs and greenery in parks. (Mixture of 
   land-cover) 
(2) The surface, which is the lower boundary of the 
   atmosphere, is uneven because the canopy 
 structure is uneven. (Canopy structure) 
Complex terrain can be defined as a surface that has 
both of these characteristics. This section discusses 
the factors involved in the heterogeneity of a city 
area. 
2.1 Urban land-cover variation as a factor in 
heterogeneity 
  The problem of land-cover mixture has been 
studied in its theoretical aspects (Avissar, 1992) and 
it has been treated with numerical models. Kimura 
(1989) and Nakaegawa et al. (1998a. 1998b) 
proposed the use of the area-weighting averaged 
parameter for surface heat budgets in numerical 
models. In the field of observation, there have been 
the effective concepts of source area (Horst and Weil 
and 1994), blending height (Mason and 1988) and 
others. 
In an actual  city, on the other hand, few studies have 
shown the extent to which land cover is 
heterogeneous. In this section, therefore, an airborne 
remote sensing technique is used to analyze the 
variation of radiometric temperature in an urban area. 
This temperature variation would express the degree
11
of spatial heterogeneity, because the surface heat 
budget is sensitive to the surface temperature. Here 
we define the degree of surface heterogeneity in 
physical values as  "the accuracy with which they 
describe the values of the measured quantity at 
surrounding points" (Kagan, 1997). The airborne 
observation is described in detail in Chapter 3; the 
present section describes the results only. 
Figure 2.1-1 shows the standard deviation of the 
radiometric temperature observed in Sapporo. It is 
based on the airborne remote sensing. From the pixel 
 (1.1m by  1.1m) data of infrared images, standard 
deviation was calculated over the urbanized area, 
residential area, forest area, and sea surface; and for 
the rooftop surfaces on one city block. The 
land-cover classification was based on the land-use 
map of the Japanese Geographical Survey Institute. 
In the urbanized area and residential  area, the 
standard deviations reach a maximum of 6 K in the 
daytime and 2 K in the morning and evening. These 
deviations are much larger than those of the forest 
and the sea. The figure also shows the surface 
temperature difference between the urbanized area 
and the forest. The standard deviation for the 
urbanized area is 50% of the temperature difference 
between the urbanized area and the forest.  Therefore, 
one important conclusion of this section is that large 
variations in surface temperature exist in the city 
areas (urbanized and residential), and these 
variations are on the same order as the difference 
between city and forest. 
In  addition; the variation among rooftops is very 
large. As shown in the figure; it is about the same as 
the variation over the urbanized area as a whole. The 
reason for this large deviation would be that a variety 
of roofing materials are used. 
Figure 2.1-2 shows the street surface temperature 
averaged on each city block. Only the daytime data 
are shown. The horizontal axis is the aspect ratio of 
an urban canyon (building height / street width). The
2  fleteroReneitv of the urban  canopy
surface temperature is affected by the street 
orientation and the height of surrounding buildings, 
because these factors determine the solar radiation 
environments in an urban canyon. It turns out that 
the difference amounts to a maximum of 10 K. 
These variations on roofs and streets are almost the 
same as for the city as a whole, as shown in Fig  2.1-1, 
Therefore we can say that the surface temperature 
variation in a city is caused by the geometric shape 
of the canyon. Although it is not shown in the figure, 
the vegetation surface has a temperature variation of 
about 2 K inside the green area. Different vegetation 
species and soil moisture variation would cause this.
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temperature and the aspect ratio of an urban canyon. 
N-S oriented street and E-W oriented street are 
shown separately.  zh building height, W: street width. 
The above analysis on actual city surfaces clarified 
the following points about surface heterogeneity: 1) 
The urban area, even that can be classified as 
"urban" in the general sense, has a large spatial 
variation in surface temperature. Indeed, the 
magnitude of this variation almost matches the 
temperature difference between city and forest. 2) 
When we see the urban area with a resolution of 
 1.0m2, building materials and the situation of the sky 
view from the street are the main factors in the 
spatial heterogeneity of surface temperature. The 
variation in a surface temperature means that the 
heat budget varies according to the place. 
One of the reasons for this heat budget heterogeneity 
inside the land-use category originates in the 
"land -use" classification itself . The "land-use" 
classification was intended for the purpose of land 
administration, and it is based on  subjective 
judgment rather than on the meteorological 
viewpoints. The administrative "land-use" differs 
from "land-cover", which is based on the 
meteorological or heat budget viewpoint. 
It follows that, for example, the area-averaged 
surface temperature, which is the average of the 
representative surface temperatures among all land 
uses, is not always representative of the area 
(Watanabe et  al., 1993). This problem should be 
considered when land-use data are used as a 
boundary condition in a meso-scale numerical model. 
Especially for a smaller-scale surface, the variability 
of land-cover would be larger. We should therefore 
develop a land-cover classification that is 
meteorologically meaningful. In this study, 
"land-use" data were not used, but the 
area-representative heat budget parameter was 
directly determined from the observations.
2 Heterogeneity of the urban canonv
2.2 Directional anisotropy of radiometric 
temperature by urban canyon structure 
The canopy layer is considered the lowest boundary 
of the atmospheric layer. Its surface can be 
characterized as rough and heterogeneous. The 
irregular shape of the canopy surface increases the 
aerodynamic  roughness, and it creates a larger 
albedo in a city area (Aida, 1982, and Aida and 
 Gotoh, 1982). Other than these modifications of 
parameters, an important point is the angular 
dependency of radiation reflections and emissions at 
the canopy surface. In a radiometric measurement of 
a rough surface, the measured value depends on the 
sensor field of view (hereafter FOV). This is called 
the problem of BDR (bi-directional reflection) of the 
earth's surface (also called the problem of 
directional anisotropy), and it is known as an 
important factor in the remote sensing observation. 
Figure 2.2-1 shows this  problem schematically. 
When the sensor is turned in another direction to 
solar position, the resulting measurement value is 
strongly influenced by the proportion of shade. 
 Radiometric temperature will be biased toward the 
low temperature.
         /7-N
N 
 /3°  53°  NN  NA  2.7ELRF 
 ToffT     -nadirnachroff - nadir
 T
 Tir_b\
Fig. 2.2-1 Conceptual figure of radiometric 
temperature observation. The directional anisotropy 
causes  T,,  #  Ti,._„  .
Fig. 2.2-2 Viewing angle of infrared sensors in 
airborne observation.  Toffnad,-.., is much affected by 
sunny areas and  Tojihathr_shade by shaded areas. 
The problem of BDR for albedo has been studied . 
Epiphanio and Huete (1995) showed, from ground 
 observations, that a maximum 50% difference could 
occur on the vegetation indexes (NDVI and SAVI) 
according to the viewing angles of the sensors . 
Susan et al. (1990) showed BDR correction for the 
satellite data with BDRF (bi-directional reflectance 
function) that was obtained by ground observation 
over grassland. Moreover, Lucht et  al. (2000) 
proposed a method to estimate the sensor angle 
independent albedo  by using two or more satellites 
or multi-angle measurements on EOS/MODIS . 
As for the radiometric temperature, Sun and Mart 
(1995) discussed a radiometric temperature 
observation designed to evaluate the sensible heat 
flux over a forest canopy. They showed that a 
negative coefficient of heat transfer might appear , 
because the infrared sensor looked at highly shaded 
areas and therefore measured a temperature that was 
lower than the effective temperature for heat flux . 
On the other hand, Matsushima and Kondo (1997) 
proposed the optimal looking-down angle for 
surface temperature measurement over a vegetation 
canopy. Although the concept of sensor viewing 
angle was not used, Troufleau et al . (1997) described 
a method of radiometric temperature correction to 
estimate the sensible heat flux over vegetation .
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On the other hand, not so many studies have dealt 
with this problem over a city area. Roth et al. (1989) 
showed the difference in the radiometric temperature 
across a city and its suburbs using the data of 
 NOAAJAVFIRR. The heat island revealed by the 
radiometric temperature showed different features 
than were shown by air temperature. They concluded 
that it was meaningless to directly compare 
distributions between radiometric temperature and 
air  temperature, because a near-nadir-looking sensor 
measures the mixture of surfaces of different heights, 
such as roofs and streets. As one solution for this 
point, Voogt and Oke (1997) introduced the 
complete urban surface temperature, which is the 
area-weighted average of the surface temperature on 
all facets of an urban canyon. They showed a good 
correlation between the complete urban surface 
temperature and air temperature. Moreover, in 
another paper (Voogt and Oke, 1998b) they showed 
no less than a 9 K temperature variation inside the 
urban canyon. This was due to the presence of both a 
sunny side and a shady side. This is a fatal error for 
the sensible heat flux evaluation, and the correction 
of directional anisotropy is indispensable. Generally, 
directional anisotropy of a surface temperature is 
determined by the canopy structure, solar altitude, 
and sensor FOV. Voogt and Oke (1998a) discussed 
directional anisotropy for each land-cover 
classification, such as light industrial, residential, 
and  downtown. They successfully found the 
maximum anisotropy on a light industrial area where 
many high-rise buildings exist. 
However, it is hard to say that the relationship 
between an urban canyon structure and directional 
anisotropy was fully clarified in that study. This 
section discusses the dependency of directional 
anisotropy for the urban  canyon structure. Hereafter, 
we say simply  "directional anisotropy" to refer to the 
directional anisotropy of radiometric temperature. 
This would mean the radiometric temperature 
difference between different FOV sensors. This
14
definition  would be useful in performing the 
directional anisotropy correction on urban surface 
temperatures. In the case of sensible heat flux 
evaluation over vegetation canopy, the amount of the 
directional anisotropy correction for radiometric 
temperature depends on LAI (Lhomme et  al., 1997). 
Therefore, the dependence of the correction on the 
canyon structure is expected also in an urban area. 
The analysis here deals with the averaged 
 radiometric temperature on the sensor FOV, but not 
on specific surfaces, such as walls or streets. In 
considering the application of satellite measurement, 
distinguishing among specific surfaces would be too 
fine for an infrared sensor to resolve. In the present 
study, we assume the macroscopic viewpoint. Our 
discussion describes the directional anisotropy of 
radiometric temperature in a whole urban canopy 
based on  airborne observation data. 
Three kinds of radiometric temperatures, shown in 
Fig. 2.2-2, were measured from  airborne observation. 
 (TLRF,  Toffi.di,). Radiometric temperature was 
measured  in urban areas of Sapporo and Tokyo. 
Details of the observation are presented in Chapter 3; 
only the results are described in the present section. 
The final accuracy of surface temperature 
measurement is 0.5-1.0 K after the atmospheric 
correction using LOWTRAN7. Some examples of 
the infrared imagery taken from above Tokyo are 
shown in Fig.  2.2-3. The images were taken by three 
different sensors: 1) an off-nadir sensor turned 
forward from an airborne  Toffitadir-sun  whose nadir 
angle was 53 degrees. It viewed the south sides of 
buildings; 2) an off-nadir backward sensor, 
 Toffiiadir-shade which viewed the north sides of 
buildings; and 3) the nadir sensor,  T  -  nadir.  Moreover, 
the temperature histograms for the forest canopy and 
building canopy are shown in Fig. 2.2-4. In both 
canopies, the south-side surfaces were warmer than 
the north-side surfaces. The degree of directional 
anisotropy was 2 to 4 K, and the averaged
2 Hetero  eneity of the urban  canonv
temperature shows this order:  Toffiladir-shade <T,~adir< 
 Toffradi. Moreover, the width of distribution is 
larger in the off-nadir sensor than in the nadir sensor. 
This was caused by the size difference of the target 
3D surfaces between the sensors, as well as by the 
temperature difference between sunshine and shade. 
The histograms  alsb show that the forest canopy  had 
a narrower spread, meaning less  heterogeneity; than 
did the building canopy.
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Fig.  2.2-3 Examples of infrared images on August 7, 1998, of Tokyo The off-nadir sensors were set up at  53 
degrees of the nadir angle. A visible picture was taken by Nakanihon Aeronautical Company.
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Fig.  2.2-3 B) The same as A, except for the building canopy
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Fig. 2.2-4 Histogram of the radiometric temperatures measured by different viewing sensors. Top: The forest 
canopy of the Meiji shrine shown in Fig. 2.2-3A. Bottom: The building canopy shown in Fig. 2.2-3B.
Here we look more carefully into the relationship 
between the magnitude of directional  anisotropy 
and the urban canyon structure. These analyses 
were based on the observation of Sapporo. A map 
of the observation area is shown in Fig.  2.2-5. On 
this course, the terrain is almost flat and we can 
observe the common  land-covers. such as streets 
lined by large buildings, a residential section, and 
farmland. The areas chosen for analysis were the 
highly urbanized area (HU) where the skyscrapers
18
are and the light industrial area (LI) that is a 
mixture of low buildings and one- or two-story 
residential houses. 
The average structure of the urban canyon in HU 
and LI was as follows: the aspect ratios of canyon 
 zhiW  were 0.88 and 0.36, respectively, and the roof 
area ratios on horizontal plane  A, were 0.34 and 
 0.23, respectively. One feature of Sapporo's urban 
area is that buildings are tidily located in a line 
along an E-W or N-S orientation, according to the
2
city planning. This is an ideal situation for the 
purpose of this study. As shown in Fig. 2.2-2, the 
infrared thermometer was set up forward, 
 backward, and at the nadir below the  aircraft, and 
the flight course was set up in the direction of north 
to south. Therefore, one of the two sets of nadir 
sensors measured the sunny walls, roofs, and 
streets  (Toffi.dir-sun), while the other, turned to the 
opposite  side, measured the shaded walls, roofs, 
and streets  (Toffnadir-shade). The main observation was 
performed twice on November 24: immediately 
after sunrise and again at noon. The respective 
solar altitudes were 4.4 and 34 degrees. Three other 
observations, using only the nadir sensor and a 
pyrgeometer, were performed over the same area 
in the summers of 1994 and 1996. Tab. 2.2-1 lists 
the solar zenith angles during these observations.
Tab. 2.2-1 Observations, date, time, and solar 
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Oct.24, 1997 
Oct.24, 1997 
Aug. 5, 1996 
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Fig. 2.2-5 Observation flight course over Sapporo
Table 2.2-2 summarizes the infrared sensors used 
in the observation. The off-nadir infrared 
thermometer was set up at 53 degrees  off-nadir. 
The FOV at this sensor viewing angle contains the 
highest percentage of wall surface given an urban 
canyon with an aspect ratio of 0.6, which was the 
average of the target area. The FOV at the ground 
surface was 30m X 17m for the off-nadir sensor 
and 327m X 270m for the nadir sensor. The 
radiation flux  Fglobal measured by the pyrgeometer 
 (2rc FOV) was transformed into the radiometric 
temperature  VERA This temperature covered an 
area larger than other radiometric  temperatures, as 
it measured not only horizontal surfaces but also all 
vertical walls.
2  Heterogenei of the urban  canopy
Tab. 2.2-2 Infrared sensors and  radiometer used in the airborne observations.
sensor wavelength  [gm] FOV response accuracy
 TH2101 (NEC-SANEI) 
 TA-0510 (MINOLTA) 
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 0.5  K 
Tempe.dependency:2% 
   Linearity:  1%
Using these observations, let us discuss the 
directional anisotropy of a radiometric temperature. 
The spatial distribution of the radiometric 
temperature along the flight course is shown in Fig. 
2.2-6. The averaging period has been adjusted for 
each sensor FOV, and the atmosphere correction 
has been performed using the pass length to each 
infrared thermometer.  TLRF was corrected similarly 
and is shown in this figure. The temperatures 
shown here are the averaged temperatures within 
the FOV, but not the temperatures of specific 
surfaces such as walls or roofs. It turns out that a 
maximum 3 K difference occurred between 
 Tornadir-sun and  T  nadir in the daytime. The 
temperature difference between  sensors,  i.e., the 
directional anisotropy, was less in the early 
morning and larger in the daytime. In addition, 
directional  anisotropy is related to land-cover: a 
larger difference was seen in the urban area, and a 
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Fig. 2.2-6 Spatial distribution of directional 
anisotropy in different FOV sensors . Temperature 
difference from the nadir sensor is shown. LRF 
equivalent means  TLRF. The horizontal axis 
corresponds to the flight course of Fig . 2.2-5. Top: 
Early morning: 6:35-6:43 LST. Solar altitude was 
4.4 degrees. Air temperature at the ground was 7.9 
degrees C. Bottom: Daytime: 12:09-12:13 LST. 
Solar altitude was 34.0 degrees. Air temperature at 
the ground was 17.8 degrees C.
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The fact that a temperature difference shows 
diurnal variation, and the fact that temperature 
changes according to land-cover, mean that this 
directional anisotropy originates in the 
sunshine-shade contrast by buildings. The 
magnitude of the temperature variation is of the 
same grade as that in a vegetation canopy 
(Matsushima and  Kondo. 1997) as well as that in 
an urban area of Vancouver,  Canada, by Voogt and 
Oke (1998a). Of course, since the sensor  view, 
solar altitude, and canyon structure differ between 
these studies, a precise comparison of magnitude is 
meaningless. In any case, the magnitude of 
directional anisotropy is large enough to cause a 
fatal error in the sensible heat flux evaluation. 
Directional anisotropy is dependent on the 
land-cover. In order to clarify this point further, the 
relationship between the canyon structure and 
directional anisotropy is seen in Fig. 2.2-7 and Fig. 
2.2-8. The canyon aspect ratio  zh/W  (zh: building 
height, W: street width) and the roof area ratio  A, 
(roof area to horizontal surface) were calculated 
from the city planning data. A deep urban canyon 
shows a large  zh/W, and a narrow canyon shows a 
large  Ai-. The vertical axis shows the temperature 
difference;  Toffixidir—Tnadir,  Toffiradir-sun which contains 
the sunny walls shows a positive correlation to 
both zh/W and  A,.. On the other  hand, 
which contains shaded walls, does not  correlate. 
The bulk land-cover classification is shown on the 
horizontal axis in the figure. In farmland, since 
there are few buildings, anisotropy hardly depends 
on a canyon structure. The reason for the slight 
anisotropy in farmland should be features other 
than buildings, such as trees and small dips and 
rises of the ground.
21
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Fig. 2.2-7 Directional anisotropy of radiometric 
temperature. The arrow within the figure shows the 
difference between air temperature on the ground 
and  Tnadir. The bulk land-cover classification is 
shown under the horizontal axis. LI: light industrial 
area,  HU: highly urbanized area. "Morning" and 















      north view 
 o  south  view
       0 
 C           CO 
       8 
 0  IPS' 
 0  Q, 
Co  oow  at 
o 
 • 
 gg  •  •  s  • 




















   •






      0.2 0.4  U.6  0.8  1 
                    canyon  aspect ratio  (HightAVidth) 
   <  >       farm  Li HU 
Fig. 2.2-8 Same as Fig. 2.2-7, except for the aspect 
ratio of the canyon as the horizontal axis. 
The difference between the two radiometric 
temperatures  (T  nadir and  Toffnadir) can be interpreted 
as  follows. When we assume a two-dimensional 
building canopy that consists of same-size 
buildings with black body  surfaces, T nadir and 
 Toffi.thr can be written as follows, respectively: 
 6Tn4adir  AraTroof +`1—  Ar)CrTstreet (2
.2-1)
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crTnadir4=A,0roof1+(1-4.){V<freet±(1-0°T,L) off 
                                (2.2-2) 
 T  street is the radiometric temperature of the ground 
area between the buildings;  strictly speaking, it 
includes surfaces other than streets, such as 
residential gardens or parking lots. Twall is the 
radiometric temperature of walls, and  T  „of  is that of 
rooftops.  cv is the sky view factor from the  street, 
which can be calculated as zj/W (Johnson and 
Watson, 1984).  A,- is the roof area ratio on a 
horizontal surface. The difference between  Toiy..-dir 
and Tuadir can be written as  follows: 
ToffnadirTnadir=k1A,-){(V—1)a1:40—,+(1— OcrTvu}r 
                    J.'I 
                         r-t  (1—  Ar  )(1  —1//) si3""Two Tireei) 
                                   Tnadir 
                                (2.2-3) 
Therefore, it turns out that the difference between 
two radiometric temperatures is proportional to the 
temperature difference between walls and streets , 
and that it has a negative correlation to the roof 
area ratio and the sky view factor. Therefore, the 
directional anisotropy shown in Fig. 2.2-7 and 
2.2-8 is produced by two factors. One is a 
temperature variation within the urban canyon, 
which is expressed by the term on the right-hand 
side of Eq. 2.2-3 T:t.IT.—Tr                    ieetnadir11steet) The 
other results from a sensor FOV:  (1-Ar)(1-  v). We 
discuss these factors in detail in the following 
section. 
 First, let us discuss the first factor: temperature 
variation within the canyon. The radiometric 
temperature difference, i.e. , directional  anisotropy, 
is proportional to the temperature difference 
between walls and streets, as shown in Eq. 2.2-3.
2
This point has appeared in Fig. 2.2-7 and 2.2-8; the 
difference between the sunny view and the shaded 
view. Judging from the solar altitude and canyon 
structure, the street surface is mostly shaded in the 
present observation. Therefore, it is almost 
isothermal between shaded walls and shaded 
streets. According to Eq. 2.2-3, this means that 
 Toffnadir Tnadir takes a comparatively small value 
(north view plots in Fig. 2.2-7 and 2.2-8). On the 
other hand, there is a large temperature difference 
between sunny walls and sunny streets, therefore 
 Toffnadir Tnadir is large (south view in the figure). 
The difference between the north view and south 
view in the figure can be explained in this way. 
The temperature difference —  Tst,„„ itself  is 
dependent on a canyon  structure. Fig. 2.2-9 shows 
the street surface temperature's dependence on the 
 canyon structure, as determined by the nadir 
measurement of radiometric temperature in 
Sapporo. This was a different observation than 
those in Fig. 2.2-7 and Fig. 2.2-8. The plots are 
daytime data of a N-S oriented street and an E-W 
one. The surface temperature falls as the canyon 
aspect ratio grows. This tendency is remarkable at 
a large-aspect-ratio side, and not so clear at another. 
Its boundary was found to be where the whole 
street surface became shaded, judging from the 
solar position at that time (azimuth: 123°, zenith 
 37°). It turns out that this temperature variation was 
exactly the feature produced by solar radiation 
environments, and we may say that the canyon 
structure affects surface temperature variation 
inside it.
23
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Fig. 2.2-9 Relation between street surface 
temperature and the aspect ratio of a canyon. One 
plot is the average of one block (about 110 X 
 110m). 
The  next discussion focuses on the factors of 
canyon structure,  (1-4)(1-  yr) in Eq.  2.2-3. 
Equation 2.2-3 indicates that the directional 
anisotropy would decrease as the roof area ratio 
increases This decrease is due to the increase in 
common surfaces between two sensors.  Also, this 
equation indicates that the anisotropy would 
decrease with a increase in the sky view factor (an 
decrease in the aspect ratio), because the larger 
aspect ratio would cause more shade on the street. 
In Fig.  2.2-8, we can observe such a tendency for 
the aspect ratio. However, the result for a roof area 
ratio shows the opposite tendency (Fig. 2.2-7) to 
the above discussion. That is because a positive 
correlation exists between a roof area ratio and an 
aspect ratio in an actual urban area, as shown in Fig. 
2.2-10. That is, in an actual city, the more densely 
packed building  areas are usually taller than the 
sparsely packed areas. The sky view factor of a 
two-dimensional canyon is also shown in Fig. 
2.2-10. Comparing the roof area ratio and sky view 
factor, whose theoretical range is 0 to 1, the actual 
range of the sky view factor is about twice that of 
the roof area ratio. On the other hand, according to
2 Hetero enei of the urban cano
Eq.  2.2-3,  Toff-nadir  —  "'nadir is linear to both the roof 
area ratio and the sky view factor, and their 
 coefficients are the same.  Therefore, in an actual 
 city, the sky view factor influences  T  oeiladir 
more than the roof area ratio does. This means that 
the roof area dependency shown in Fig. 2.2-7 is 
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Fig. 2.2-10 Relationship between the roof area 
ratio and the sky view factor in the analysis area.
For further representation of Eq. 2.2-3, a regression 
formula was created for the roof area ratio and 
aspect ratio in Fig. 2.2-10, and it was substituted 
into Eq. 2.2-3. The resultant new equation is the 
theoretical and experimental one. Figure 2.2-11 
shows its features. The vertical axis shows the 
normalized temperature difference, whose 
normalization factor is the temperature term dT on 
the right side of Eq. 2.2-3:
dT =T3        street  (T._ T 
                     u 
                    .street) 
    T3'an   nadir (2
.2-4) 
Except for the  farmland, the shape of Fig. 2.2-11 
agrees with that of Fig. 2.2-7 and that of 2.2-8. We 
can therefore explain qualitatively the structural 
dependency of directional anisotropy in an actual 
urban canyon. Since actual urban canyons are 
constructed according to laws or urban planning 
guidelines, the  structural parameters are not always 
independent of each other. When we analyze an 
actual urban canyon, we must grasp such features 
of its structure.
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Fig.  2.2-11 Directional anisotropy of radiometric temperature and its dependence on the urban canopy 
structure. Curves are determined by the theoretical and experimental procedure . The solid line indicates the 
range of Fig. 2.2-10.  dT  is defined in Eq. 2.2-4. 
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2.3 Influence of directional anisotropy on 
radiation budget measurement 
From the standpoint of radiation budget 
measurement, directional anisotropy is a big 
problem. The surface radiation budget should be 
discussed with the flux density, which is integrated 
over half of a sphere. However, a narrow FOV 
infrared thermometer often substitutes for the 
pyrgeometer. In the heat budget, the radiation flux 
from the surface (hereafter LRF) is an important 
component, and its magnitude is of the same grade 
as that of the sensible heat flux in the daytime. 
 Moreover, especially at night, it becomes a 
dominant part of the heat budget and affects the 
formation of heat islands. With this background in 
mind, we discuss in this section the influence of 
directional  anisotropy on the radiation flux. The 
temperature variation within the canyon and the 
sensor FOV are the factors that make up directional 
anisotropy, as shown in the discussion above. In 
order to evaluate the degree of anisotropy in  LRF 
estimation, the flux and radiometric temperature 
were measured in airborne observation. Details of 
the observation were presented in the previous 
section. The flux measured by pyrgeometer 
was compared to that calculated  F„„ii,. by the 
Stephen-Boltzmann law from the nadir-viewing 
radiometric temperature. When we evaluate 
 Fglobal  F;?adir, the FOV of different sensors at the 
surface must be matched to each other. The 
pyrgeometer's effective FOV, which is defined 
here as the source of 90% energy observed, is a 
circle with a radius of 870m on the surface when 
the measurement height was  610m (refer to the 
Appendix). This circle is the source area to the 
infrared radiometer. 
In comparing fluxes with different FOV sensors, 
we have to average them over an area that is larger
25
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than or equal to the above-mentioned FOV. For 
that purpose, it is necessary to take a winding or 
zigzag flight course, thus allowing a narrower FOV 
sensor to cover that area. This is, for example, two 
or more flights along the course in Fig.2.2-5 with 
slight shifts from east to west. However, in this 
 study, such a flight course was impossible due to 
the limitation of flight time. Therefore, averaging 
was taken over a sufficiently larger (1.5km 
horizontal scale) area than the above-mentioned 
source area; this larger area had a homogeneous 
urban canyon  structure. Therefore, the difference 
arising from a heterogeneous canyon structure is 
not analyzed here. 
In the same  manner as with differences in 
radiometric  temperature, the difference between 
 Fglobal and  Fnadir may be caused by the surface 
temperature variation within the urban canyon. 
This will be clarified by the observations listed in 
Tab. 2.2-1. Fig. 2.3-1 shows the relationship 
between  Fglobal  I  Fnadir and surface temperature 
variation within the canopy of the urbanized area 
and within that of the light industrial area. The 
temperature variation was taken as  Lath,- minus 
ground air temperature,  Tom  Lath, is equivalent to 
the average surface temperature of streets and 
 roofs, and ground air temperature would be equal 
to the surface temperature of a shaded surface. 
 Therefore,  Lath, can be considered as the 
temperature difference between the sunny and the 
shaded surfaces  in the canyon. It turns out that 
 Fglobal  F;tachr becomes smaller than unity as 
temperature variation  Lath, —  Lir becomes large . 
The differences of flux are 2% to  8%  of  Fglobal  ; and 
about 8 —  61Wm-2. This cannot be disregarded in 
most cases. Although not shown in a figure, some 
other parameters were examined as a parameter of 
temperature variation: solar  altitude, the solar 
radiation difference between roofs and walls. and
2 Hetero  eneity of the urban cano
the standard deviation of  Tnadir. Solar radiation on 
wall surfaces was estimated as a product of solar 
radiation on roofs and the cosine of solar altitude. 
 However,  Fglobal  / Fiadir did not show a clear 
dependency on these parameters. 
We may comment on the error range shown in the 
figure. It was determined from the value of 
 11  —  Fglobal  / Fnadir  Iover the sea surface. Since the 
sea surface far away from the shore is considered 
to be thermally homogeneous,  11— Fglobal 1 FnadirI 
can be treated as a synthetic error, including the 
sensor  instrumental error or the error of an 
atmospheric correction. There was no correlation 
between  11 —  Fglobal  I  Fnadir  I and sea surface 
temperature. Therefore, an atmospheric correction 
was not the main factor in this error. 
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Fig. 2.3-1 Directional anisotropy of the upward 
longwave radiation flux.  Fglobal: pyrgeometer 
 measurement, and  F,,,th.  : calculation by measured 
 T„adir- The horizontal axis indicates the temperature 
variation within the canyon.  T  air is the air 
temperature near the ground. The data were 
obtained at the observations listed in Tab. 2.2-1 . 
The above discussion clarified the influence of 
directional anisotropy on the radiation flux from an 
urban canyon. The temperature variation within 
the canyon was one of the reasons for the 
anisotropy. However, since the observation point 
was limited, the canyon  structure's effect on the 
anisotropy was not  fully argued. Here, this point is 
considered theoretically. 
The upward radiation flux is the total of the upward 
radiation emitted from various surfaces within a 
canopy. Considering the ideal canopy, that in 
which rectangular, block-shaped buildings of the 
same size are located,  Fglobal and Fnadir can be 
written as follows using the surface temperature of 
each facet in the canyon.
 -4 4  8 12 16 
 Tnadir-Tair  C] 
 Fnadir =  Ar6Tr400f  +  (1—  Ar)CITs4treet (2.3-4) 
 Fglobal  AraT-40of +  (1  —  A,-)ViTs4treet +  (1  —  00-T4,an)  (2.3_5) 
The radiometric temperature  Toffi,„dir measured by an off-nadir (tilted) viewing sensor on an aircraft or satellite 
is written as follows . 
                               26
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 0104  AraTr400f +  (1—  Ap.){406T5.4-„t +  (1—  )6T4  w°11}  (2.3-6) 
 tif  is the sky view factor from the streets.  go is the street view factor from the off-nadir sensor . If the off-nadir 
sensor views the shaded side of buildings, 
 crTqii4hacii, =  A1aTr400f  +  (1—  4)140°r  ,4„.„t (1— Co )(714;d                                                                        wall.5lae  (2 .3.7) 
In the case of the sunny side, 
 ciT =  Aral'  r400f +  (1—  i4,.){(PaT.,4„-e„  +  (1  —)077'4                                                            wall  sun  J  (2.3_8)
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 Fglobal  Fnadir can be calculated from  Eqs.  2.3-4 and 
2.3-5, and it can be used to argue about a relationship 
with the urban canyon structure. Here, we assume a 
simple canyon to discuss the essential effect of 
structure on the directional anisotropy. Although the 
distribution of the sunny and shaded surfaces was 
dependent on the canyon structure, a fixed 
temperature to each facet was assumed. There are 
two reasons to make this assumption. One is shown 
in Fig. 2.2-9. The street temperature does not depend 
 on  zi/W in the area where  zh/W is small, although 
there is a sudden change where the whole street 
surface is covered by shade. In addition, since it is 
rare for roofs to be  shaded, the roof surface 
temperature seldom depends on the canyon  structure. 
The other reason to make the above assumption is 
the problem of the calculation. In order to obtain a 
surface temperature distribution within a canyon, we 
have to consider the radiation transfer and turbulent 
transportation of heat in the canyon. This is possible 
using, for  example, a numerical model like that of 
Asaeda et al.  (1997), or more accurately by a more 
complicated model. Many researchers are 
developing such models. However, the purpose of 
this study is not to develop a numerical model, but 
rather to evaluate directional anisotropy. Therefore, 
we conduct this evaluation  by a simple but realistic 
condition, and discuss its canyon structure 
dependency qualitatively. 
Here, the temperatures of canyon facets were set up 
as follows.  Troof and  Tstreet were determined from the 
actual measurement (an August  5, 1994, area 
average), and  Twan for calculating  Fglobal was set as an 
average of roof surface temperature observed and air 
temperature. 
    T„of = 42.9, Ts„.„,—  33.9, 
 Twa(sun) = 40.2,  TH,„ll(shade) 31.8, 
 Twall  0.5(Troof +  T0)  =36.0 (degrees  C)  .
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The relationship between calculated  Fg  I  Fnadir and 
the aspect ratio of a canyon is shown in Fig . 2.3-2. 
 Here, the correlation of structural parameters shown 
in Fig. 2.2-10 was not taken into account. The roof 
area ratio and the aspect ratio were changed 
independently. The deeper canyon (larger aspect 
ratio) shows smaller Fglobal F                       • -nadir because of the 
increase of walls' contribution to  Fglobal. The effect is 
nonlinear, and  Fglobal Fnadir approaches a certain 
value as the aspect ratio becomes large. As for the 
roof area  ratio, we can see the tendency toward 
smaller  Fglobal  /  Fnadir in a sparser canyon, i.e., a 
smaller roof area ratio. Fglobal/F.                       -aadir measured is also 
shown in this figure. In the observation area, the 
averaged roof area ratio was 0.3, and it turns out that 
the calculation and the actual measurement are in 
good agreement. In an actual urban area, the roof 
area ratio is usually 0.2-0.4. Therefore, the degree of 
directional anisotropy is about 4 — 6%. Fig. 2.3-3 
also shows the temperature variation dependency of 
the anisotropy. It turns out that Fglobal  Fnadir becomes 
small (larger directional anisotropy) as temperature 
variation becomes large. 
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Fig. 2.3-2 Relationship between directional 
anisotropy effect  (Fg/obai  ) and canyon aspect
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ratio  (zw(W). The parameter is the roof area ratio,  A. 
Observed  F  global  Fnadir was also shown. Ar= 0.3 for 
the observation area. 
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Fig. 2.3-3 Same as Fig. 2.3-2, but the parameter is 
the temperature difference between walls and streets. 
The case  of  A  r= 0.3 is shown.
Let us leave  Fnadi,. and turn to  Foffiiadir  (=  oloffrmdir.4) by 
the off-nadir infrared thermometer. Here, we assume 
the relationship of the roof area ratio and the aspect 
ratio shown in Fig. 2.2-10. The canyon structure is 
represented by the aspect ratio. 
 Fglobal  i  Foffnadir at off-nadir angles of 40, 45,  50.  55. 
and 60 degrees were calculated, and these are shown 
for shaded view and sunny view in Fig. 2.3-4 and 
 2.3-5, respectively. Lines were presupposed within 
the regression limits of Fig.  2.2-10, which was 0.1  — 
0.9 by an aspect ratio. Although the inclination to an 
aspect ratio differs between the sunny view and 
shaded view, all lines show linear relations at the low 
aspect ratio. Since the street area no longer changes 
in FOV where the aspect ratio is large enough, the 
flux difference takes on a different tendency, one of 
gradual increases. 
Here we conclude our discussion. The longwave 
radiation flux estimated from a narrow FOV infrared
thermometer has up to a 4 to 6% difference from the 
true flux, i.e., the flux observed by infrared 
 radiometer. . It  turns out that the flux  error depends on 
the urban canyon structure. The error, which is one 
of the forms of directional  anisotropy, was found to 
be dependent also on the radiometric temperature 
difference between walls and streets. Therefore, we 
can correct for anisotropy if we can add other 
temperature data, such as air temperature within the 
 canoyon, to the usual radiometric temperature 
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2 Hetero enei of the urban  canopy
2.4 Definition of the urban canopy "surface" 
As shown in previous section, the problems of 
land-cover heterogeneity and directional anisotropy 
significantly impact considerations of the heat and 
radiation budget of the urban canopy. The urban 
area has the canopy structure and is composed of 
various materials. It is thus necessary to define the 
 -surface" clearly to evaluate the heat budget . The 
definition of surface is the specification of the 
effective surface for the heat budget of the whole 
urban canopy. In parameterization of sensible heat 
flux, previous studies adopted concepts other than 
the surface definition. For example, we can use an 
appropriate method to measure the radiometric 
temperature of the effective surface (Matsushima 
and  Kondo, 1997) or modify a parameter to solve the 
directional anisotropy (Sugita and Brutsaert, 1990). 
According to Matsushima  (2001), these methods 
produce equal results with respect to the equation of 
 parameterization. The present study is based on 
these studies, and we consider not only the sensible 
heat flux parameterization, but also the heat and 
radiation budget. The present study deals the full 
heat budget as well as the component flux. 
Figure 2.4-1 shows examples of surface definition of 
an urban canyon (modified from Voogt and  Oke, 
1997). An urban canopy can be seen as a group of 
block-shaped buildings, and various definitions of 
 "s
urface" are possible, as shown in this figure. In the 
forest canopy, the definition of surface becomes 
more complicated since leaves transmit the radiation. 
A new definition F), the complete urban surface 
temperature, was considered by Voogt and Oke 
(1997). They proposed an average of the surface 
temperature on all facets in a building canopy as a 
representative temperature.  While this concept 
seems valid as a solution of directional anisotropy, it 
has a problem in that the averaging weight is 
uniform although some facets do not exchange heat 
with an atmosphere.
31
       
I I                I • • 
         A) Ground-level B) Roof-top 
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Fig. 2.4-1 Surface  definitions in an urban canopy. 
The dotted line is the surface for the heat budget. The 
line thickness expresses the contribution to the heat 
and radiation budgets. This figure is modified from 
Voogt and Oke (1997). 
To improve the complete urban surface temperature, 
this study defines the surface by the upward 
longwave radiation flux  (LRF). Here, LRF is the 
total incoming radiance from all angles to a certain 
level.  Therefore, it is also the total amount emitted 
out of the urban canopy. The surface temperature in 
this definition can be transformed from LRF by the 
Stefan-Boltzmann  law, and the surface is defined as 
its source facets in the canopy. Hereafter in this 
study, they will be called the LRF equivalent surface 
 temperature,  T  LRF, and LRF effective surface, 
respectively. Although it is difficult in a forest 
canopy to specify source facets of LRF due to the 
radiation transparency and leaf overlap, it is possible 
to specify the source surface in an urban canopy (Fig. 
2.4-1 G). 
The LRF equivalent surface temperature is , in 
another expression, the temperature averaged over a 
canopy with the weight of contribution to the 
radiation flux. The weight is a product of the sky 
view factor (Johnson and Watson, 1984) and the 
surface size. We will show later, that, in an urban 
canopy, these can be calculated geometrically from
2
the shape of buildings. The LRF equivalent surface 
temperature is not completely coincident with 
complete urban surface temperature (Fig. 2.4-1 F) 
due to the different weights to each component 
surface in the canopy. 
The LRF equivalent surface temperature is an 
effective temperature for the canopy surface heat 
budget for the following three reasons. 
 OD The LRF equivalent surface temperature is 
averaged over the canopy with the weight of the 
surface area. 
 2 The longwave radiation flux has the same 
magnitude as the turbulence flux in the heat budget 
equation and is the dominant term in the nighttime. 
 O The LRF equivalent surface temperature is 
averaged over the canopy with a weight that is 
similar to the turbulent transport coefficient. 
The distribution of the contribution to the longwave 
radiation flux in a  canyon is shown in the Appendix. 
This study focuses on (2). It is not limited to sensible 
heat transport, but encompasses the whole heat 
      H „,„0„ =Aroo/roof  V., -  Ta)+  AwallC  H  U
 CU- 
= 
 CHA- —"ofTroof+ Awall 
    ff_total                   r°°1
HU  _  total
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budget. Although it is possible to select a different 
surface temperature between the sensible heat flux 
and the upward longwave radiation flux , the analogy 
with a parameterization on a flat, homogeneous 
surface is not guaranteed in such a case . 
Reason (3) will be described in detail. In an urban 
canyon, the sensible heat flux from the whole 
canyon can be expressed as the total of heat fluxes 
from each surface. 
 H  canyon=  Awo]-Hroof +  AwallHwall +  AstreetHstreet 
                (2.4-1) 
Here, A is the area ratio to the total surface, and H is 
the sensible heat flux. The subscripts  roof , wall and 
street mean a building roof surface, a wall surface, 
and a street surface. Unless an inversion layer exists 
around the canopy, the heating of canopy air mass 
could be on the order of 1  Wm-2 and is thus 
negligible. Equation  2.4-1 could be rewritten as 
follows using the surface temperature and the 
turbulent transport coefficient CH at each surface in 
the canopy.
        —  wall(Twall  Ta As,„,,,C  HU  street(Ttreet  Ta)
    
1   (24roo).0HU 
 CU     H total
                      CHUstreet  
CT U   HTwon+  Astreet'street  _wtalCHU_total
 _  roof + ACh'U        wall  _  AstreetC  HU _  streetka (2.4-2)
Here we define.
 C  HU  foto/ = AroofC  HU roof +  A  wa„C  HU wall+  AstreeC  HU  street and (2.4-3)
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= Teffective
 A  roofC  H  U _ roof Tog.+  ri
 Awal1C  H  U wall
 T +
 AstreetC  HU street
 C  HU total  CH  U  total  C  HU total
 Tst,e, (2.4-4)
Then we get,
      CH U IIcanyon total(Telfective  T  a) (2.4-5)
If we write the sensible heat flux in the form of Eq. 
2.4-1, the surface temperature can then be expressed 
as in Eq. 2.4-4. It is  an average temperature of each 
surface, and its averaging weight is the product of an 
area ratio and a turbulent transport coefficient. 
Narita et al. (2000) studied the distribution of the 
turbulent transport coefficient in the urban canopy 
by a wind tunnel experiment; the result is shown in 
figure  2.4-1. Together with the coefficient, this 
figure also shows the contribution to the longwave 
radiation flux. The method of calculating the 
contribution is shown in an appendix. The horizontal 
axis expresses the relative position on the canyon 
surfaces. The turbulent transport coefficient is 
normalized by that of the windward roof  (C  H 
Although the original figure depicts a case in which 
the wind blows from left to right, we average it to be 
symmetrical with respect to the street. Although the 
sensible heat flux and the radiation flux are 
completely different physical values, the distribution 
is very similar; maximum at the roof and almost 
equal at the wall and street. This is because both 
transportations are performed efficiently along an 
open surface. Therefore, the surface  temperature 
defined by  Eq. 2,4-4 is an averaged temperature 
weighted by the turbulent transport coefficient as 
well as the contribution to the radiation flux. 
Since the results of Narita et al. (2000) are based on 
limited conditions in a wind tunnel experiment, they
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could not be extended to an actual urban area. We 
can say that the wind tunnel was focused on the main 
process as shown later, and this discussion is valid as 
a qualitative one. We could not extend the discussion 
further because no study has performed such an 
experiment or measurement in an actual urban 
canopy. We could only mention the difference 
between the wind tunnel experiment in Narita et al. 
(2000) and the actual field environment. 1) Narita et 
 al. (2000) established a neutral atmospheric stability. 
As a result, the turbulence was produced by 
mechanical forcing. In addition to mechanical 
forcing, thermal factors contribute to generating the 
turbulence in an actual field environment. This 
means, for example, that the efficiency of turbulent 
transport changes with the sunshine-shade contrast 
in a canopy. 2) Wind direction fluctuation, which is 
common in an actual field situation, is  difficult to 
produce in a wind tunnel experiment. The wind 
direction fluctuation produces three-dimensional 
turbulence in a canopy, and the analogy with the 
above two-dimensional discussion becomes 
impossible.
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Fig. 2.4-1 Distribution of turbulent transport 
coefficient  CH in the urban canopy (Narita et  al., 
2000) and contribution of radiation flux (lower two 
figures, for  zh/W= 1 and 2). The top figure is the 
schematic image of the experiment by Narita et al. 
(2000). Cases for two wind directions are shown in 
the figure of  zh/W=1: perpendicular and parallel to 
the street. The horizontal axis expresses the relative 




From the viewpoint of boundary layer meteorology, 
an urban area of one kilometer scale has two 
features: mixture of the land—cover and canopy 
structure. These two features were discussed in this 
chapter with a radiometric temperature. 
First, we analyzed the radiometric temperature 
measured at the airborne platform and investigated 
the degree of the heterogeneity of land cover. The 
surface temperature expresses the state of the heat 
budget. There are large variations within the area 
classified as urban with magnitudes equal to the 
temperature difference between a city and a forest. 
Based on the airborne observation data, we 
investigated the directional anisotropy of 
radiometric temperature in the urban area. The 
radiometric temperature of an urban canopy 
exhibited a measurement angle dependence of 2 to 4 
degrees C. This would cause a fatal error in the 
sensible heat flux estimation and would induce about 
a 5% error in the longwave radiation flux. Since the 
temperature difference showed clear diurnal 
variations, we determined the cause to be 
distribution by sunshine and shade. Moreover, the 
temperature difference clearly depended on the 
canyon structure; it increases with increases of 
canyon aspect ratio. 
In such a thermally heterogeneous urban area, we 
proposed the effective surface temperature for the 
heat budget as the longwave radiation flux (LRF) 
equivalent surface temperature,  T. This 
temperature is transferred from the upward 
longwave radiation flux and averaged over the urban 
canopy. The average weight of TLRF in the urban 
canopy was similar to the distribution of turbulent 
transport coefficient. Therefore, we were able to 
demonstrate that the LRF equivalent surface
2 Hetero  enei of the urban cano
temperature was the effective temperature not only 
for the radiation flux but also for the turbulent flux. 
It is easy to measure LRF equivalent surface 
temperature by using a  pyrgeometer on board an 
airborne remote sensing platform. For satellite 
remote sensing, on the other hand, the narrow field 
of view sensor is unable to measure the LRF 
equivalent surface temperature directly. However, 
the present study has shown that the directional 
anisotropy could be parameterized by the geometric 
structure of buildings (Section 2.3). It is possible to 
convert the radiometric temperature measured at a 
narrow FOV to the LRF equivalent surface 
temperature.
 35
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Appendix 
AP 2.6 Contribution of the Earth's surface to a measured  longwave radiation flux 
In an airborne observation, the contribution of the Earth's surface to the measured upward longwave radiation 
flux has a maximum at just below the aircraft. It decreases as the distance from a point just below the aircraft 
increases because the incident angle becomes larger and because the atmospheric absorption increases as the 
optical path increases. When radiance  10  emitted upwardly from the Earth's surface reaches a pyrgeometer 
through an optical thickness r, the measured longwave flux is  expressed as follows: 
 Frotal = r2n-r, 
                                                                  r 
              JOJO(I(je'"S+ 50rB(T)e-'COSside) ncos 0d9dco(AP 2.5-1) 
 Here, we consider the ratio of radiation flux,  F,- and  Ftotal.  Fr is emitted from a circle of radius r on the Earth's 
surface and whose center is just below the  pyrgeometer.  Ftotal is the total flux, and the pyrgeometer is at height 
 Z.
 R=  F,  Fro, (AP 2.5-2)
                               tan  r-r' 
            52n.5 Z (1 ,,e-rcos+B(T)e'cos,9)sincosadOd  (AP  2.5-3)      0J0 JO 
Since we consider here the radiation emitted from the surface and arriving at a  pyrgeometer, the atmospheric 
emission component, which is the second term inside the right-hand side parenthesis in Eq. AP2.5-3 , can be 
disregarded. In order to simplify the argument, we consider the averaged optical thickness of an infrared band 
(5 to 50p.m). It was 0.7 to 1.2 for  Z=610m. From Eq. AP 2.5-2, 90% of the infrared energy received at a 
radiometer is emitted from a circle on the Earth's surface with a radius of 870m . This is the source area of 
infrared radiation flux. We would like to note that a more precise evaluation could be made when we consider 
the absorption band rather than averaged optical thickness. However, in such a calculation, we have to take 
into account the emission spectnim shift due to the surface temperature, and we would obtain different source 
area due to the wavelength. This is beyond the scope of this study. 
AP 2.7 Contribution of the urban canyon surface to upward radiation flux 
The longwave radiation flux  Fgiobar that passes through the top level of the canyon includes the radiation 
emitted from the walls and  streets, as well from roofs. We assume a simplified urban canyon that consists of 
block buildings, and express the surface temperature of roofs , walls and streets as  Trooi;  Twc,11, and  T  street.  Fglobal 
can be expressed as follows. 
               7-,4   F globalr=Arairoof+ (1 A,.)(                                -fs.treerVskY                                                   veu—>.s.treet pointCrT.s.treet4dS +Iffsky _area--owall _p int ai wall                                                                  4dS),
 :3G
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                                 (AP 2.6-1) 
 A.,- is the ratio of roofs (building area) to level area (lot area), and  Iv is the view factor. Subscript 
 sky_area 4  street_point means that we look at the street area from the sky. In section 2.3, we used  y/without a 
subscript and meant the sky view factor. Here, however, we attach a subscript and specify the viewing 
direction.  A.  , (1-Ar)  uf  sloLarea  4street_point, and  (1-Ar)  4.11_point mean the contributions to  F  global of roofs, 
streets, and walls, respectively. Here, we consider the ideal canyon of infinite length, whose height is 
expressed as  zh and street width as W. The sky is considered as a component (sky_area) of a canyon. The view 
factor for  "sky area" is approximated by a view factor at its center point equally distant from both walls, that is, 
 'sky  _  area--a  7--Y  sky  _midpo  int  —).X  • (AP 2.6-2) 
According to Johnson and Watson (1984), the view factor at area S looking at an area that is infinitely long, 
perpendicular to  S, at distance  d, and whose height is  zh can be expressed as follows: 
                                       1  a(2 co 
 tlpoint—>area cos 0 sin Odckl (AP 2.6-3) 
                                                  77- 
 cv —1(Z I  = tancos /9 . (AP 2.6-4) 
Therefore, 
 ( 
                          1 
 Ypointarea= -2(AP  2.6-5) 
                             Vd2  z2  h  ) 
The view factor at the center point of the sky area looking at a wall point at height h can thus be expressed as 
                                    1 flr12 ico+dco 
 sky _midpointwall  _ point =—/2 Ja, cos 0 sin 0d 0d0 (AP 2.6-6) 
 co  =tan-'(h/.5Wcos6') . (AP 2.6-7) 
                           0 Note that this "wall point" has infinite length. The view factor at the center point of the sky area looking at a 
street point can be expressed similarly. 
                                 1it2r+do., 
               v At;_midpo—>sireet point = cos 0  sin Odcbd 0 , (AP 2.6-8)                                                  7z-—/r/210 
                        cv= tan-1 ( 11)/(AP 2.6-9)                             Hcos e)- 
The  street point is located at distance w from the wall. 
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In this chapter, details of our observation are 
described, with the main focus being measurement 
accuracy. Since the use of airborne observation in 
atmospheric boundary layer  study has been rare in 
Japan, the basics and some tips are also described. 
3.1 Details of airborne observation 
Measurements were made of a radiometric 
temperature of the ground surface, an air 
temperature, a relative humidity, and an upward 
radiation flux at a flight altitude. Airborne 
observation is an effective method for atmospheric 
boundary layer  studies, especially for a meso-scale 
area. One advantage of airborne observation is that a 
large area can be covered by one sensor in a short 
time, which means that  intra-instrument correction is 
not needed. 
Although airborne observation is suitable for 
measuring a space distribution, the flight altitude for 
the observation is limited by Japanese aviation law. 
The minimum flight altitude over land is limited to 
 305m  (1000feet) in Japan, and the Japanese Self 
Defense Forces have a special minimum of 610m 
(2000feet). With this limitation, measurement of the 
 roughness sublayer and of the transition  layer, and 
measurement at the blending height are impossible. 
A schematic image of the boundary layer structure 
and the flight altitude in this study is shown as Fig. 
 3.1-1. Due to this altitude limitation, we had to 
introduce a different observation method than that 
currently performed by FIFE (First International 
Satellite Land Surface Climatology Project Field 
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Fig. 3.1-1 Schematic image of the atmospheric 
boundary layer structure (modified after  Bnitsaert, 
1998). Values in blankets are height estimated from 
the surface roughness and mixed layer depth over 
Tokyo. The flight altitude is also shown. 
 Tab. 3.1-1 summarizes the observation instruments 
and their accuracy. All equipment is protected from 
aircraft vibration. The sensors for temperature and 
relative humidity were exposed to the air through a 
floor hatch of the aircraft. They were not heated 
directly by solar radiation unless the solar altitude 
was especially low. The radiometer and the infrared 
thermometer were also aimed downward from the 
floor hatch. Measurements of aerosol size 
distribution and dew point temperature were 
performed by drawing in air with a pipe. A view of 
the aircraft and the instrument settings is shown in 
Fig. 3.1-2. The aircraft used was a twin-rotor type 
helicopter: the Boeing CH-47J, belonging to the 
Japanese Ground Self Defense Force. The flight 
speed was 41  m/s . In the vertical profile observation, 
the aircraft descended spirally at a radius of about 
600m and a descending speed of  3rn/s. The aircraft 
floor  frame, which was the level standard for the 
radiometers, remained level in horizontal flight. The 
measurement interval was basically 1 second, which 
means that the horizontal resolution was  41m. 
However, some measured values should be averaged 
because of the sensor response. The purpose of each 
flight is summarized in  Tab. 3.1-2. The simultaneous 
ground observation was also described.
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 Tab. 3.1-1 Instruments 
calibrated in this study. 
flight.
used in airborne observation. Their accuracy was reported by the manufacturers or 
















   number 
concentration of 




  the airborne
data logger
Sensor (a maker, type)
thermocouple (cooper-constantan)
capacitance type (VAISALA HMP35)
optical dew-point thermometer (Tokyo 
KOUDENSHI industrial  DPH-201A)
cylinder oscillation type 
(YOKOGAWA F452)
infrared thermometer (wavelength in 
 Rm): 
  NEC-SANEI TH2101 (8-13), 
  National ER-2007 (8.5-12.5), 
    National  ER-2008(7-9), 
Nippon Avionics TVS-610 (8-14)
 pyrnometer (Kipp&Zonen CM -21, 
         0.3-3  vm)
pyranomter (Epply PIR, 4-50  pm)
spectral radiometers (EKO MS-  200, 
  475  nrn,  525nm,  675nm,  750nm)
laser particle counter (Royco 226)
GPS (PIONER  NAVICOM), a video 
camera  (Toshiba); a laser range finder 
      (NEC-SANEI)






 0.2  °C
 0.2hPa
 0.5  °C
total error  3%
 Temperature 
dependency: 2% 





laser range finder: 
 1m
0.1 degrees C
 RCM  onse
about 2 seconds
5 seconds (signal 
   90%)
about 10 seconds 









 5 seconds 
(addition time)
both are less than 




Tab. 3 .1-2 Observation flight list
Date
July 31, to August 
   6 1995
March  11-13, 
  1996
August 1, 1996
August 2, 1996  -  6
December  2-4, 
   1996
February 10-13, 
   1997
October 23-28, 
   1997
















   observation
surface temperature ground 
 truth and global solar 
       radiation
 pilot balloon, temperature 
   distribution, surface 
temperature ground truth, and 
 the global solar radiation
global solar radiation
surface temperature ground 
        truth
sonde
sonde
global solar radiation and 
precipitable water amount
surface temperature ground 
 truth, pilot balloon, and 
  surface heat budget 




    validation
 surface heat budget, 
 atmospheric boundary 
layer heat budget, albedo 
    measurement, 
 atmosphere correction 
     validation
albedo measurement
 surface heat budget, 
atmosphere  boundary 
 layer heat budget, 
atmosphere correction 
validation, temperature 
 measuring method 
    validation
   temperature and 
  relative-humidity 
measurement validation, 
  temperature sensor 
dynamic heat correction
   temperature and 
  relative-humidity 
measurement validation
  surface heat budget, 
 atmospheric boundary 
     layer heat 
  budget ,directional 
anisotropy of radiometric 
 temperature
 surface heat budget, 
atmosphere heat balance 
 measurement 
directional anisotropy of 
radiometric temperature
  temperature and 
  relative-humidity 
measurement validation 
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Fig. 3 1-2 Helicopter used in the observation (top). 
and thermometer, hygrometer and radiometers 
mounted on the helicopter body (bottom)
3.2 Atmospheric correction 
temperature measurement
of the radiometric
In the remote sensing of the surface temperature 
(radiometric temperature), we had to correct for the 
absorption and emission of radiation by water vapor 
and carbon dioxide, etc. In this study LOWTRAN7 
(Kneizys et al  . 1988) was used for this purpose 
because it seemed more accurate than other 
simplified methods such as those of  Mori (1995) or 
Kondo (2000).
ground-truth measurement were performed. In the 
profile measurement, the radiometric temperature of 
the sea surface was measured by the aircraft at 
various altitudes. The sea surface was chosen 
because it remains at a thermal steady state through 
the day, and the thermally homogeneous sea surface 
prevents measurement error due to sensor FOV 
variation. At each altitude, an observed radiometric 
temperature was compared to a calculated one. The 
calculation was performed with the observed profile 
of the air temperature and water vapor, and also the 
sea surface temperature. The sea surface temperature 
was obtained by the atmospheric corrected 
 radiometric temperature at the lowest flight altitude. 
The result is shown in Fig. 3.2-1. The calculation 
was coincident with the observation within the 
thermometer resolution (0.1 degrees C.) at lower 
than 900m. The reasons for the larger difference at 
higher altitudes may be that 1) sensor spectral 
sensitivity was simplified in the calculation, or 2) 
some problems exist in LOWTRAN7  (Rudman et  al  , 
1994) As for the first reason, the spectral sensitivity 
of an infrared thermometer is not constant within the 
sensitivity range shown in Fig. 3 2-2. Moreover, the 
each instrument has a specific spectral sensitivity 
even in the same product type (Nippon Avionics Co.. 
Ltd., private communication). For this reason,  in 
calculation, a constant sensitivity within the 
 manufacturer's reported spectral range was assumed. 
Since some uncertainty was  left in the calculation 
method, another validation with ground-tnith was 
performed.
3.2.1 Validation of the atmospheric correction
In order 
vertical
 to verify the atmospheric correction, a 
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Fig. 3.2-1 Comparison of a measured radiometric 
temperature and a calculation by LOWTRAN7 
(August 3, 1996)
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Fig. 3.2-2 Spectral sensitivity of the infrared 
 thermometer,  'TH2101. After  NEC-SANEI  CO. 
LTD.
The comparison between the corrected temperature 
and the ground-truth is shown in Fig. 3.2-3. Surface 
emissivity and instrument error were corrected in 
each ground-truth observation. The error bar in this 
figure shows the standard deviation of two or more 
measurements. It shows a good coincidence. As a 
 result; the total  error, including instrument and 
atmospheric  correction, was evaluated as follows. 
The systematic error (bias  error; averaged difference 
in Fig. 3.2-1) was  0.2 degrees  C.; and the random 
error (standard deviation of  difference); was 0.7
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Fig. 3.2-3 Validation of the atmospheric correction 
for remotely sensed surface temperature in an 
airborne observation. Comparison of corrected 
temperature and ground-truth observation. 
3.2.2 Radiometric temperature measurement by 
a pyrgeometer and an atmosphere correction 
A pyrgeometer has a global spectral sensitivity in the 
longwave range; therefore its measurements were 
strongly influenced by water vapor in atmosphere. 
Therefore it is basically not suitable for measuring 
the earth surface temperature.  However; its global 
FOV is an advantage for measuring the averaged 
radiometric temperature in a thermally 
heterogeneous earth surface. In this  section; the 
pyrgeometer's accuracy and the atmospheric 
correction were validated. 
A pyrgeometer would have an error of 10 to  20Wm-2 
due to the temperature gradient between a dome and 
a sensor plate. According to Shiobara and Asano 
 (1992), this error can be corrected by the 
temperature data of a dome and a sensor plate (dome 
correction). In our airborne observation, the 
pyrgeometer's dome was exposed to open  air.
3.  
Therefore, the temperature gradient rose inside the 
pyrgeometer, and would cause a maximum 40  Wm-2 
error. When the dome correction is performed 
correctly, the measurement accuracy of a radiation 
flux density is about 2  Wm-2 as a bias error, and 5.9 
to  10.2Wm-2 as a random error (Shiobara and  Asano, 
1992).
Observation
  radiometric temperature  [° C] 
12 14  1  18 20
The atmospheric correction for the radiation flux 
was performed using LOWTRAN7. A horizontally 
homogeneous atmosphere was assumed over the 
observation area. The observed profile of the air 
temperature and water vapor by the aircraft was used 
for the calculation. The calculated radiance  (Wm-2 
 sr-1) by LOWTRAN7 was integrated over a 
hemisphere, and we obtained the flux density. The 
spectral range of calculation was set as that of the 
pyrgeometer (Epply PIR), 4-50  tim. 
The atmospheric correction was validated  by a 
vertical profile measurement in the same way as that 
of the infrared thermometer was validated. Details of 
the method were described above. The result is 
shown in Fig. 3.2-4. At 2000m and lower, the 
calculation and observation show good agreement. 
In this altitude range, the bias error of the 
atmospheric correction will be  1.5Wm-2, or 0.2 to 0.3 
degrees C. although this includes an instrumental 
error. The random error was  1.8Wm.2, or 0.3 to 0.4 
degrees  C.
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Fig. 3.2-4 Validation of the atmospheric correction 
for the radiometer-measured surface temperature. 
The line is the  radiometric temperature calculated by 
LOWTRAN7. Black circles show the observation.
The total accuracy is the sum of the  instrument error 
and the atmospheric correction error: 
Bias error: 2 +  1.5 =  3.5  Wm -2 (0.6 degrees C.),
Random error: 5.9 to 10.2 + 1.8 
   = 7 .7 to 12.0  Wm-2 (1.3 to 2.1 
   degrees  C.).
3.2.3 Measurement accuracy of radiometric 
temperature 
In conclusion, the accuracy of the  radiometric 
temperature measurement is as follows. For an 
infrared thermometer (wavelength 8 to  1311m) at 
 610m  AGL, the total accuracy was 0.2 degrees C. 
(bias error), and 0.7 degrees C. (random error). 
These are sums of the  instrument error and 
atmospheric correction error. For a  pyrgeometer, 
they were 0.6 degrees C. (bias error) and 1.3 to 2.1 
degrees  C. (random  error).
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3.3 Measurement accuracy of air temperature 
and relative humidity in an airborne observation
In this section, we examine the accuracy of the 
airborne measurement of air temperature and 
relative humidity. Toritani et al. (1994), and 
Kobayashi and Sugawara (1999) examined the 
airborne temperature measurement accuracy by 
comparison with a sonde. They confirmed that an 
accuracy of 1 degree C. is possible. However, in this 
study, a more sophisticated examination was 
performed. In  .addition, we will discuss relative 
humidity measurement as well as air temperature 
measurement.
3.3.1 Dynamic heating correction
In high-speed flight, the air-exposed surface of the 
sensor is warmed by compression and friction of the 
air, and the air temperature gets a positive bias 
(dynamic heating, Watanabe, 1975). This section 
examines the measurement error of air  temperature, 
relative humidity and atmospheric pressure caused 
by high speed flight. In the following discussion, the 
correction of this error is called simply velocity 
correction. For a temperature sensor, the heating 
amount bT caused  by compression and friction can 
be expressed as follows, where  V  is the air speed.
 -=  KTV2
(3.3-1)
Watanabe (1975) evaluated the coefficient  KT for a 
thermister sensor; according to the theoretical 
calculation, it was 4.98X  104 °C  /(rnis)2, while it was 
found to be  3.3X  104 °C  /(m/s)2 by a wind tunnel 
experiment, and 2.6X  104  °C/(m/s)2 by an 
experiment in the actual atmosphere. It is thought 
that  KT changes with the shape of the sensor. In this 
study, in order to determine KT for a 0.35mm 
diameter thermocouple, test flights were performed .
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The aircraft went and returned along a 25km long 
path several times at a constant altitude (900m). A 
different speed was used in each outbound flight, 
while the same speed was used in all of the return 
flights to correct for the diurnal variation in 
temperature. The observations took place on 
December 2 and 4,  1996. The weather conditions on 
both days were clear. Air temperature, relative 
humidity, and the atmospheric pressure at 900m 
ASL were 5 degrees C., 65%, and  920hPa , 
 respectively. 
The relationship between the flight speed (air speed) 
and the measured air temperature is shown in Fig. 
3.3-1. Since the flights on different days are plotted 
in one figure, the data from December 4 were shifted 
so as to match with that from December 2 at 50  m/s . 
The fluctuation at a fixed speed flight was about 0.1 
to 0.3 degrees C. The correction coefficient KT was 
2.90X  104  °C/(m/s)2, and it was in agreement with 
that of Watanabe et  al, (1975). They used their 
thermistor without the protecting tube, and the 
sensor shape could be considered to be similar to that 
of our thermocouple. Therefore, it can be said that 
this KT is universal for naked sensors or wire sensors.
The velocity correction on the humidity and pressure 
measurements was similarly evaluated. Fig. 3.3-2 
shows the relationship between speed and measured 
relative humidity. The capacitance-type sensor 
measured relative humidity directly. The fluctuation 
at a fixed velocity was  0.3 - 0.5% (relative humidity) . 
Relative humidity was measured as lower at higher 
speeds. Assuming that specific humidity preserves , 
one degree C. of warming signifies a decrease in 
relative humidity of 4% (relative humidity). This 
figure is almost in agreement with Fig . 3.3-2. 
Therefore, it turns out that dynamic heating of the air 
parcel causes a change of the measured relative 
humidity. The change in relative humidity  67/, can 
also be expressed by flight speed.
3 Observation
         c5H = K V2  -2) 
 KH  =  —  1  .49X  10-3  %/(M/S)2 
The atmospheric pressure is also shown in Fig.  3.3-1 
The measured atmospheric pressure is the pressure 
inside the aircraft where pressure control has not 
been carried out. The fluctuation at a fixed speed was 
about 0.1 hPa. The pressure was measured as lower 
at higher speeds. Since the aircraft had open hatches 
in the floor and  backside, the aircraft interior is 
considered to have a negative bias pressure to the 
outside. The pressure change is proportional to the 
square of the air speed. Therefore, the following 
correction formula was adopted. 
 8P„  =  KP  2  
,  (3..3-3) 
 Kp =  —8.0X  104  hPa/(m/s)2 
We concluded that errors are caused during 
high-speed flight by the exposed sensors and by a 
barometer inside the pressure uncontrolled cabin. 
The magnitudes of the errors are usually 1 degree C. 
and 3% (relative humidity) at the exposed sensors, 
and 1 hPa at the barometer. They could be corrected 
using flight air speed.
F5' 6.56 
      1).
 z 
a.  6 .31 
 5.5 
 5
observation. The line is the fitting function for the 
observation. The maximum deviation of each 
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Fig. 3.3-2 Same as Fig. 3.3-1, but for the relative 
humidity. The maximum deviation of each 
measurement was  0.5%. 
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Fig. 3.3-1 Effect of high-speed flight on temperature
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               Flight Air Speed  [m/s] 
Fig. 3.3-3 Same as  Fig.3.3-1, but for the pressure 
measurement in the cabin. The maximum deviation 
of each measurement was  0.1hPa. 
3.3.2 Influence of sensor position to temperature 
measurement 
Instrument fixation requires much care in an 
airborne observation. We certainly have to fix 
instruments on an aircraft body for the sake of 
safety; however, we have to always consider the 
airflow around a sensor because it would affect a
47
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measurement. Here, the influence of the airflow on 
temperature measurement was evaluated. 
Thermometers were attached through an open hatch 
of  90cmX  54cm, and the measurements inside the 
hatch and outside were examined. Four kinds of 
attachment position shown in Fig. 3.3-4 were 
examined. The test flights were conducted over 
Sapporo in August 1996. 
The result of the horizontal flights is shown in Tab. 
3.3-1. Two temperature sensors (thermocouple) of 
the same kind were used, and one was attached in a 
fixed position as a standard throughout the 
measurement. The raw data of the temperature 
difference between the two thermocouples were 
corrected for intra-sensor differences. It was 
evaluated in the test flight in which both 
thermometers were attached at the same position. Its 
accuracy is also shown in the table. A larger 
difference is shown for the sensors attached farther 
away from the standard one. In the case of position  D, 
which was completely within the hatch (on  30cm), 
about a 1.4 degrees C. difference has arisen. On the 
other hand, the sensor at 5cm (front) and the standard 
sensor were in agreement within the  accuracy of 
measurement. This finding means that the standard 
sensor was sufficiently exposed to the open air. 
Moreover, two sensors at 5cm on the back and front 
of the pillar did not show a significant difference 
compared to the sensor resolution of 0.1 degrees  C . 
The pillar thickness was 5cm. Although the front 
side sensor could be heated due to dynamic heating, 
this was not the case in our experiment. The sensors 
might have been affected by the turbulence caused 
by the aircraft body, which was larger than that 
caused by the pillar. The backside sensor was 
sufficiently exposed to the air as was the front side 
one. 
As a  result, the temperature sensor needed to be 
attached far enough from the aircraft body in order to
Observation
be exposed to the open air. 
out that a small shelter in 
cause any major problems.
However, it also turned 
front of sensor did not
cabin
body of  helicopter
         A 
air outside 
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Fig. 3.3-4 Attached position of thermometer.
Tab. 3.3-1 Effect of the attached position of the 
thermometer on air temperature measurement. The 
positions are shown by their distance from the 
standard thermometer. Temperatures are averaged in 
the horizontal flight. * : accuracy of intra-sensors 
calibration.
Sensor position
same position as the 
    standard
A: 5cm  distant, front 
    of pillar
B :5cm  distant, back 














3.3.3 Validation of the vertical profile 
observation 
In comparison with a fixed wing aircraft, the 
helicopter has the advantage of a smaller turning 
radius. This advantage makes it possible to measure 
a vertical profile in a short time. Based on the 
 synchronous observation between the helicopter and
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the sonde, Toritani et  al. (1994) reported that the 
measurement accuracy of the air temperature profile 
is 1.0 degrees C. In this study, an improvement was 
made on their observation method, especially in the 
sensor response and in the accuracy of the flight 
altitude measurement. However, in an experiment to 
double check their results, a 1.0 degrees C. and 2% 
relative humidity bias arose. It was warmer and more 
humid when airborne. Those tendencies were the 
same as those of Toritani et al. (1994), and were 
larger than the error due to the sensor position 
described above. The reason for it could be as 
follows: 
A) The observation points of the aircraft and 
sonde were too far apart, and the horizontal 
distribution of air temperature and humidity affects 
the measurement. 
B) GPS on the helicopter shows that the 
horizontal speed reaches about 50  m/s even in the 
spiral flight. The correction for dynamic heating is 
required. This point was taken not into consideration 
in either Kobayashi and Sugawara (1999) nor 
Toritani et al. (1994). 
In order to solve problem A, a drop-sonde was used 
because it is easier for position matching with an 
aircraft. Observation was performed on the Sagami 
bay on May 12, 1999. After dropping a drop-sonde 
from the aircraft at an altitude of  1070m, the aircraft 
took spiral descent toward the sonde splashdown 
point, and measured the vertical profile of the air 
temperature and relative humidity. As for problem B 
in this observation, the correction was performed 
with the previously acquired coefficients. The 
airflow around the sensor would be different 
between the spiral flight and the horizontal flight in 
which the coefficients were determined. Here, the 
same coefficients were used for vertical 
measurement since the horizontal speed was higher
than the vertical speed by one order of magnitude. 
The coefficients would depend on the pressure; 
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Fig. 3.3-5 Vertical profile of air temperature and 
relative humidity. These were measured by the 
helicopter mounted sensors and drop-sonde. 
Correction means velocity correction. A) air 
temperature, and B) relative humidity. 
The velocity-corrected air temperature and relative 
humidity as well as the drop-sonde result are shown 
in Fig. 3.3-5. The drop-sonde and the sensor on the 
airborne are corrected within 0.2 degrees C. and 3%
3.  
error. The amounts of the velocity corrections were 
 0.6-1.0 degrees C. and 3 - 7% (relative humidity). 
Both the temperature and relative humidity 
measured at the aircraft showed good coincidence 
with the drop-sonde result. The averaged difference 
(0.004 degrees C., 0.08% of relative humidity) was 
below the measurement accuracy. The averaged 
absolute difference  (0.19 degrees  C., 1.0% of 
relative humidity) was also almost equivalent to the 
accuracy of the sensor. The larger difference of 
about 0.5 degrees C. arose near  1000hPa, because 
the aircraft changed its flight mode from a spiral 
descent to a slant path descent. The uncorrected data 
for velocity correction were also shown in the figure. 
Differences of one degree C.  and several percent can 
be seen. Therefore, it is shown that with the velocity 
correction, the air temperature and relative humidity 
profile can be measured within the accuracy of the 
sensor itself. Moreover, the different systems of the 
aircraft and drop-sonde resulted in good agreement, 
which means that the accuracy of both 
measurements was  confirmed.
Observation
3.3.4 Accuracy of air temperature and relative 
humidity measurement




 Tab.  3.4-1  Sn(
of the 
relative
humidity in airborne observation, we have found that 
it is necessary to correct for the influence of dynamic 
heating. In the case of a speed of 80 knots (41  m/s), 
the amounts of correction are about 0.5 degrees C. 
and  3% (in relative humidity). It was shown that this 
correction allows a measurement within the 
accuracy of the sensor itself (0.2 degrees C,  1%). 
The sensors need to be set up so that they are 
sufficiently exposed to the open air. An error of 
about one degree C. would be produced depending 
on the attachment position.
3.4 Outline of ground observation
Although an advantage of airborne observation is 
that a wide area can be measured by one sensor, a 
disadvantage is that the flight itself is strongly 
influenced by the weather conditions. Another 
disadvantage is that of discontinuous data, because 
night flights are hard to perform  safely, To 
compensate for these drawbacks, in order to acquire 
continuous data over a city, long-term observation 
was performed on building roofs. The observation 
points were the Tokyo Metropolitan Government 
building at  Shinjuku, the building of  NI-1K. at Yoyogi, 
and the Nakano Hongo elementary school roof at 
Nakano in Tokyo. An outline of these observations 
is shown in Tab. 3.4-1.
pecification of the ground observations
Place
 roof  top of Tokyo 
 metropolitan 
  government 
  building
 roof  top of NHK
 roof  top of 
elementary school
Location
35°41'  12.1" 
139°41' 41.3"
 35°39'  44,7" 









July 26 to 
August 26, 
 1998, and 
July 29 to 
August 26, 
 1999




   air  temperature, relative 
humidity, global solar radiation, 
longwave  radiation, air pressure, 
3D wind speed and turbulence 
    component (by sonic 
anemometer), and radiometric 
 temperature of urban surface
   air temperature, relative 
humidity, global solar radiation, 
 air pressure, and radiometric 
 temperature of urban surface
   air temperature, relative 
humidity, global solar radiation, 




3.5 Atmospheric correction for the ra 
temperature observation
 diometric
In the ground observation, radiometric temperature 
was continuously measured on the urban canopy 
surface. The atmospheric correction of radiometric 
temperature was performed for every measurement 
using the observed air temperature and humidity. 
The following linear relations were assumed for 
atmospheric correction.
 Toon  ected =  A(d)T  observe, +  B(d)  (3.5-0
A(d) and B(d) were calculated using LOWTRAN7.
 Because the almost level path between the sensor 
and surface is different from that of airborne 
 observation; a moving observation using the 
handy-type of infrared thermometer was performed 
to validate the atmospheric correction. In the moving 
observation, the  radiometric temperature of the 
specific wall of the building was measured by 
changing the distance from  100m to 1600m. An 
example  of  the infrared image is shown in Fig.  3.5-1. 
Details of moving observation are summarized in 
Tab.  3.5-I.
Tab. 3.5-1 Specification of moving observation. Meteorological conditions were measured at the metropolitan 
government  building. 
                                                                                                                                                                                        •• 
 Day  August 25.  1998 
                                                                                                                                                                                                       •-^ 
              Time 13:50 - 14:09 
                                    Weeee.yeeeey"Yeeee,,,,Wee,,,,,Wee,,,,,,Weeeeeeee                                                -TVS-610 
                Infrared thermal imager (Nihon Avionics handy thermometer 
 with  battery. wave-length:  8-144m 
                                        solar radiation:  310Wm2
              Weather condition during the air temperature : 28.8 °C 
                 observation period relative humidity: 68%
                                        Air pressure: 973hPa
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Fig. 3.5-1 An example of an infrared image 
measured in moving observation. The building wall 
in the center of the image was the target surface for 
validation of the atmospheric correction.
The moving observation was performed around 
noon, and it took about 20 minutes. The atmospheric 
conditions were stable and there was no change of 
the wall surface temperature during the observation, 
which was confirmed by the continuously measured 
 radiometric temperature at the building roof 
Therefore, the time lag correction was not needed. 
The surface temperature was the average over a wall 
with the exception of the windows. The following 
correction of surface emissivity was performed.
(DV= soT+  (1-Our'  obsall(3
.5-2)
 T  obs is the observed radiometric temperature,  Tw.11 is 
the surface temperature of the wall, and o-T 49,4 is the 
incident infrared radiation flux on the wall surface 
from the sky. The wall surface emissivity e was 
determined from in situ observation as 0.87.  Tsky was 
calculated from the radiometric temperature of the 
sky part in the infrared image. On the  surface of the 
wall, mirror reflection of the infrared radiation was 
assumed, and  aT  si9,4 was calculated at every point of 
the moving observation.
Damping of the radiometric temperature of 
observation and calculation by LOWTRAN7 is 
shown in  Fig.  3.5-2. The error bar shows the 
temperature distribution on the wall surface, and the 
farthest plot (d = 1600m) was the result of 
continuous measurements on the metropolitan 
government building  roof. This figure shows that the 
distance dependency of a radiometric temperature 
can be calculated within  1 degree C. error. However, 
the non-negligible difference increased at d < 150m. 
This result was likely caused by the surface 
emissivity shift at a lower incident angle. When a 
surface warmer than the air is measured, the 
observed raw radiometric temperature would 
decrease according to the increase in the distance. 
The disagreement in this figure was due to the 
problem of measurement, not to the atmospheric 
correction. Except in this shorter range, the accuracy 
of radiometric temperature measurement will be 0.6 
degrees C. 
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4. Heat budget parameters and canopy 
structure of an urban canopy
In this chapter, urban heat budget parameters on 
scales of one kilometers are determined and 
relationships between urban canopy  structure and 
heat budget parameters will be discussed. The 
canopy surface was specified as an RF effective 
surface in Chapter 2; here, parameters are 
determined on such a surface. The canopy  structure 
is represented by two parameters: the roof area ratio 
 A,. and the aspect ratio of the  street canyons  Z,,/W 
(Fig. 4-1). The street  canyon is the 3D region 
between buildings. The roof area ratio is the ratio of 
the roof area, which is the building base area, to the 
total lot area including the building base area. The 
aspect ratio of a street  canyon is the building height 
divided by street width. We define  Zh/W with the  Z,, 
and W values averaged over the target area but the 
building height is weighted by the roof area ratio. 
The sky view factor  w is also needed. This parameter 
is the ratio of flux from the part of the sphere to that 
from the entire sphere. Here, it is evaluated at a 
center point of a street to represent an average over 
the urban area.  zh and W applied  only to buildings; 
hence, in parks and open areas, the value of  ZhIW 
became small even if the area had tall trees. The sky 
view factor can be written by the aspect ratio  zh/W  as 
follows (Johnson and Watson,  1984),
 cos/6, 




sky view factor (at street center) 
 =cos  {tan-'  (2zhi 
roof area ratio 







Fig. 4-1. Schematic of the urban canopy structure. 
4.1 Albedo
4.1.1 Background on urban albedo 
The albedo is an important parameter for the surface 
heat budget and thus has been heavily studied . 
Satellite data is commonly used to determine 
albedos of earth surfaces at the 0.1 - 3 km scale (e .g., 
Sellers et  al.,  1992, and  Vukovich, 1983) as well as 
on a continent scale (e.g., Vonder  Harr et al.,  1971). 
On the other hand, on complex terrain such as hills, 
forests, and cities, the albedo depends on zenith and 
azimuth angles. Such angle dependency would cause 
large error in evaluation of albedo and NDVI by the 
narrow field of view sensor. This is the problem of 
BDR (Moran et  al.. 1990; Epiphanio et  at, 1995). 
In an urban  area, albedo decreases over that of a flat 
surface due to the unevenness of an urban canopy. 
Aida (1982) and Aida and Gotoh (1982) clarified 
quantitatively the relation of urban albedo to the 
canyon structure parameter using a field model 
experiment and numerical experiment. 
To determine albedos in an actual city, Takamura 
(1992) made airborne measurements of the spectral 
reflectance over Tokyo. He showed that the urban 
reflectance is lower than that of the suburbs. The 
distribution of the reflectance was similar to that of 
the upward shortwave radiation flux. On the other
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hand,  Takamura and Toritani (1994) found little 
correspondence between reflectance and canopy 
structure in Sapporo. In a satellite study, Brest 
(1987) measured the seasonal change of albedo in 
urban and rural area from  LANDSAT data. He 
concluded that vegetation and the canopy structure 
affect albedo. Nakagawa and Nakayama (1995) 
evaluated the albedos of twenty Japanese cities from 
LANDSAT data. They showed that the albedo is 
smaller in cities with a small sky view factor. 
Although the last two studies agree with the model 
experiment of Aida (1982), the problem of BDRF 
was not overcome and urban albedos need to be 
better understood. 
Besides the above studies, Kondo (1994) suggested 
that urban materials can look brighter than natural 
surfaces due to their paint or glass surfaces. Aida 
(1982), and Aida and Gotoh (1982) did not 
emphasize urban materials. 
Therefore, in this study, we evaluate the albedo 
quantitatively in an actual city, and discuss its 
relation to the urban canopy structure. The albedo 
was evaluated from airborne observation data. To 
consider the BDR problem, the upward radiation 
flux was integrated over azimuth and zenith angles. 
As a canopy structure parameter, the sky view factor 
was calculated from city planning data that was 
provided by the municipal governments. 
The terms used in this section are defined here. 
Spectrum reflectance (hereafter simply the 
reflectance) is defined in the wavelength band of  2/ 
 to  .1.2  as 
        f:' „p (A)dAd co 
 a  A=  
         tido,„„ (2)d2c/co 
                         
. (4.1-1) 
 Here,  'down,  hp are the downward and upward
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radiative fluxes where X is the wavelength.  co, the 
solid angle, is integrated over the half sphere. The 
albedo is defined as an integrated reflectance over 
the global shortwave band. 
 a  =  ja2dil 
. (4.1-2) 
In this study, the NDVI (normalized vegetation 
index) was used as a parameter that expresses the 
land-cover (vegetation area). The NDVI is 
calculated from the reflectance: 
                 cc-       NDVI 
=a75{} nni67)nm  
        a+ a                    .7-0,7,n675 nrn  (4.1-3) 
4.1.2 Airborne observations and analysis 
procedures 
Airborne observations were done in Sapporo and 
Tokyo; in both cities, albedo was determined over 
urban and residential areas. The evaluation methods 
of albedo differ in the two cities. The Sapporo 
observations were done by Dr. Tamio  Takamura. 
The analyses in this study are based on the data on 
August 5, 1994. Further details of the observations 
are in Takamura  et  al. (1992) and Hayasaki (1996). 
(A) The calculation method for Sapporo data 
The flight path and target area is shown in Fig. 4.1-1. 
The spectral pyranometer on board the helicopter 
measured the upward longwave radiation flux at the 
flight altitude of 610 m. Measurement wavelengths 
were 475, 525, 675, and 750  nm. On the same flights, 
the aerosol size distribution was measured by a 
particle counter and the upward shortwave global 
radiation flux was measured. During the descent, the 
vertical distribution of aerosol was also measured. 
On the ground, the atmosphere's optical thickness 
was measured using a sunphoto meter. The weather 
condition was clear according to the observation
4.1 Albedo
report and routine observations at Sapporo District 
Meteorological Observatories.
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Fig. 4.1-1. Target area and flight path for the albedo 
measurements. This path differs from that in Fig.. 
2.2-6. 
The following method was used to correct for effects 
of the atmospheric absorption and scattering 
(extinction) in the solar path between the earth 
surface and measurement location and thus obtain 
the true albedo. First, the reflectance at the ground 
surface was determined from the measured upward 
spectral flux.  Second, by assuming the standard 
spectrum of solar radiation on the surface, the albedo 
was calculated from the reflectance: 
             t AS TAd2 
af
 (4  .  1-4) 
 The wavelength was integrated from 0.2 to 3.0 
(B) Evaluation method of spectral reflectance 
The evaluation method of the spectral reflectance
followed Takamura (1991). The  radiative transfer 
between the helicopter and the ground surface was 
determined using the two streams approximation. 
The resulting distribution of reflectance is in Fig. 
4.1-2 and NDVI is in Fig. 4.1-3. These figures show 
that the reflectance depends on the land-cover. The 
reflectance at  750 nm is sensitive to vegetation type; 
however, at other wavelengths, the reflectance does 
not depend significantly on land-cover. Fluctuations 
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Fig. 4.1-2. Distribution of spectral reflectance on the 
flight course. The abscissa is the distance from the 
seacoast on the flight course in Fig. 4.1-1. SEA: sea, 
FRM: farm, RSD: residential houses, LBD: lightly 
built-up district(lightly developed area), U: urban 
green area (includes experimental farm and campus 
 buildings), HBD: highly bult-up district (highly 
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ig.  4.1-3. NDVI (normalized vegetation index) 
distribution. 
(C) Calculation of downward solar radiation 
The downward spectral solar radiation was 
calculated using LOWTRAN7 (Kneizys et  al., 1988) 
Because the reflection characteristics of the ground 
depend on wavelength, the albedo should depend on 
the spectrum of incident solar radiation. Here, the 
calculations assumed the various cloudy conditions 
and other conditions listed in Tab. 4.1-1. The 
calculated spectrum normalized by the global flux is 
in Fig. 4.1-4. 
   Tab. 4.1-1. Conditions for the spectral solar 
   radiation calculation using LOWTRAN7.
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Fig. 4.1-4. Spectral solar radiation calculated using 
LOWTRAN7 for the summer condition. 
(D) Estimated albedos in Sapporo 
The integration over wavelength in Eq. 4.1-4 was 
performed according to spectral band of the 
pyranometer (EIKO MS- 130): 
 (2)thi  a2I(A)A2                            (4.1-5) 
 X=<  395 nm  a?,  = a (475 nm  )-2.0X  10-4X  (nm  ) 
 395  <  X 495  nm  ati = a (475  nm  ) 
495  <  X  =<  590  nm  =  a  (525  nm  ) 
 590  <  X  =<  695  nm  =  a  (675  nm  )
 695  <  X  =<  850  nm  ati  =  a  (750  nm  ) 
 X  >  850  nm  =  a  (750  nm  )  +  6.0X  10-4  X  (nm  )
Below 395 nm and above 850 nm, the spectrum 
reflectance of concrete  (Ojima, 1980) was assumed 
(Fig. 4.1-5). Because the solar radiation is relatively 
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Fig. 4.1-5 Spectral reflectance of various 
surfaces (Ojima, 1980). 
Figure 4.1-6 shows the resulting albedo dist 
The cloud condition caused only a  3% 
difference in albedo. This is because  tl 
reflectance in 0.4-0.7  firn, where the solar i 
is most intense, is nearly  constant. Hence, th 
at the surface is practically independent  ( 
cover. The following analysis assumes the a 
a clear day. 
To calibrate the absolute value of the  allm 
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study. Here, the sea surface albedo was measured at 
0.05 when the solar altitude was 36.7 degrees and 
sea surface wind speed was about 4  m/s. These 
conditions lead to an albedo of 0.024  (Kondratyev, 
1969) , which is close to our measured value.
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Fig. 4.1-6. Estimated albedo along the flight course . 
Estimate assumed spectral solar radiation and 
observed spectral reflectance. 
Table 4.1-2 shows the averaged albedo for typical 
surfaces near Sapporo. There are only slight 
differences for artificial surfaces such as low 
buildings, high buildings, and residences. However, 
depending on the type of vegetation, there are 
significant differences between albedos of natural 
and artificial surfaces. Figure 4.1-7 shows the 
relationship between albedo and the upward 
shortwave radiation flux that was measured at the 
same time. The good correlation over the entire area 
supports the albedo estimation method. Because the 
reflectance spectrum on a forest is different , the 
correlation was worse over the forest on the south 
edge of the flight course. 
Tab. 4.1-2 Albedo averaged over each land surface .
 T  a-nri-nrvvpr  A  lherin
 Highly built-up area 
 Light built-up area 
  Residential area 
Farm with some houses 
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Fig. 4.1-7 Correlation between albedo and upward 
longwave radiation measured along flight path. 
(E) Albedo measured in Tokyo 
The measurements in Tokyo were done on March 12, 
1996. The weather condition on this day was clear 
and windy, with a maximum wind speed of 23  m/s at 
the Tokyo District Meteorological Observatories. 
The visibility on the ground was 15 km. We 
measured the upward solar radiation (global 
wavelength) while airborne, and measured the 
downward radiation on the ground. The flight path is 
in Fig. 4.1-8. Because we could not get sufficient 
data on aerosols and optical thickness from the 
 ground, the albedo was evaluated as the ratio of solar 
radiation flux, where the upward flux was measured 
airborne and the downward flux was measured at the 
ground: 
 S  610  rn 
 a= 
 S  SFC (4.1-6) 
The fluctuation of downward solar radiation 
averaged 3 W  m-2, which affects the albedo by 0.5% . 
This method has neglected the extinction of
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radiation between the flight level and the ground . 
Including such extinction would increase the 
estimated albedo; hence the estimated albedo here 
could be below the actual value . However, the 
albedo estimated over the sea surface was  0 .05 at the 
solar altitude of  36.9 degrees. Because this agrees 
with the result in Sapporo, which has high visibility , 
the atmosphere was very clean and had weak 
extinction. Figure 4.1-7 shows that the albedo and 
the upward shortwave radiation flux at the flight 
altitude are well correlated; therefore, we assume 
that the albedo from Eq. 4.1-6 nearly equals the 
atmospheric-corrected albedo. The resulting albedo 
distribution is shown in Fig . 4.1-9. The distribution 
of the sky view factor, which was calculated from 
city planning data, is also shown. Although it 
fluctuates more than the  0.5% error from solar 
radiation fluctuations, the albedo is well correlated 
with urban greens (parks, dry riverbed) and the sky 
view factor.
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calculated from urban planning data of Sapporo and 
Tokyo municipal government. Figure  4 .1-10 shows 
the distribution of the sky view factor , the roof area 
 ratio, and the vegetation index (NDVI) in Sapporo . 
The  NDVI is large in the forest at distances of 18  -
20 km and near the Hokkaido University campus at 8 
km. Because this campus is not included in the city 
planning data, the sky view factor is not an 
area-average in this area. 
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Fig.  4.1-9. Albedo and sky view factor along flight 
courses A and B.
4.1.3 Earth surface condition and the albedo 
(A) Features of the geometric structure of an 
urban canopy 
It is important to accurately describe features of 
target area before discussing the relationship 
between the albedo and earth surface condition . The 
urban canopy geometrical structure indexes were
 0.8
0.6
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roof area ratio; bottom  figure is NDVI. 
 Figure 4.1-10 shows a clear negative correlation 
between the sky view factor and the roof area  ratio; 
for example, the minimum value of roof area ratio 
occurs where the sky view factor is largest (0 km) 
and vice-versa. The correlation is plotted in Figure 
 4.1-11. The urban geometric parameters correlate . 
As the albedo and surface roughness are strongly 
influenced by the geometric structure of an urban 
 canopy, such correlation is important for urban 
climate studies. Presently, other than the developing 
technology of SAR, a field survey is needed to 
determine the sky view factors in a city. However , 
the roof area ratio is easily obtained from aerial 
photographs. Hence, if a universal relationship 
existed between the roof area ratio and the sky view 
factor, it would become much easier to obtain the 
sky view factor. 
Figure 4.1-12 shows that the NDVI increases 
 approximately linearly with increasing sky view 
factor. However, there is significant spreading of 
NDVI values at large sky view factors, which occur 
for areas such as  parks, agricultural fields , and 
residential yards. The sky view factor might not be 
accurate for such areas because it was calculated 
from building geometries; trees were not considered 
in the sky view factor. Furthermore, the spectrum 
reflectance might change according to the sky view 
factor because the asphalt streets would have more 
influence on the canopy albedo in an open canopy . 
Such factors might account for the relation between 
NDVI and the sky view factor in Fig. 4 .1-12. Also, 
the two different relationships at large sky view 
factor could be caused by the difference in plant 
species between the agricultural field and the dry 
riverbed that occur for this range of data . 
The conclusion of this section is that the sky view 
factor, the roof area ratio , and the NDVI are 
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correlated. Such correlations are 
dependence of albedo on these 
discussed next. 
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Fig. 4.1-11. Roof area ratio versus sky view factor 
along  the flight course in Sapporo .
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Fig. 4.1-12. Sky view factor versus NDVI along the 
flight course in Sapporo.
4.1 Albedo
(B) Albedo dependency to the canopy structure 
Figure 4.1-13 shows the relationship between the 
albedo and the sky view factor. The albedo was 
averaged over a 2-km radius centered directly below 
the helicopter; this area was matched to the 
pyranometer FOV. Assuming no extinction, the 
radiation from this area will occupy 92% of the 
received flux. This figure shows a positive 
correlation; for  example, the opened urban canyon 
with the larger sky view factor has the larger albedo. 
This correlation qualitatively agrees with the effect 
of multiple reflections inside the canyon that has 
been pointed out, for example, in Aida (1982) and 
Nakagawa and Nakayama (1995). Multiple 
reflections mean that the radiation incident into the 
urban canyon reflects many times at the surfaces of 
walls and  streets; thus decreasing the outgoing 
radiation. The effect is larger where the sky view 
factor is smaller, or equivalently, in narrower 
canyons. Although x-axes scales differ, the tendency 
is similar in the Sapporo and  Tokyo plots.
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Fig. 4.1-13. Relationship between albedo and sky 
view factor. Top: In Sapporo. Horizontal axis is the 
sky view factor. Open circles for sky view factors 
 0.4 to 0.6 are urban green areas. Middle: In Sapporo . 
Horizontal axis is the roof area ratio. Bottom: In 
Tokyo. Horizontal axis scale is different from  figure 
A directly above. 
Fig. 4.1-13 shows two cases where the albedo is not 
proportional to the sky view factor: 
(1) The albedo is almost constant for small sky view 
factors. In such  areas, the roof area has a relatively 
large influence on the canopy albedo. Therefore, in 
this area, even if the building height increases (i.e.,
4.1 Albedo
sky view factor decreases), the albedo would be 
nearly unchanged. This effect is described in 
Nakagawa and Nakayama  (1995). 
(2) The range of sky view factors of  0,4-0.6 has 
clusters of data near two distinct albedos in both 
Sapporo and Tokyo; the albedos range from 0.12 to 
values above 0.15 in Tokyo, to the range of 0.128 to 
 0.138 in Sapporo. The largest range is from a 
highly-developed region in Tokyo. This shows that 
the type of vegetation and land-cover also affects the 
albedo. 
(C) Relationship between albedo and land-cover 
We used the vegetation index (NDVI) to 
parameterize the land-cover. Figure 4.1-14 shows 
the relationship between the albedo and the NDVI 
for sky view factors less than 0.58 in Sapporo. The 
high correlation is because NDVI was calculated 
from the reflectance. The albedo is larger at large 
NDVI areas because the albedo of vegetation is 
larger than that of  asphalt or concrete (Tab. 4.1-3). In 
conclusion, differences in vegetation caused the low 
and high albedos for sky view factorin Fig. 4.1-13 
(A).  Unfortunately, insufficient data prevented us 
from obtaining the NDVI in Tokyo. 
The results in this section indicate that the vegetation 
index should be improved for urban climate studies. 
 Furthermore, studies have shown that the NDVI 
varies with things other than vegetation, such as the 
soil water content. For this reason, the improved 
index of SAVI (soil adjusted vegetation index) has 
 been developed. Because such an index has not been 
developed for a city, we used NDVI here. This could 
lead to errors; for example, the different reflectance 
spectrum of the wall and the street surface can 
influence the NDVI. Certainly, an index like SAVI 
for urban green areas should be developed.
Tab. 4.1 -3 . Albe dos from previous studies.
Land-cover albedo Reference
  Asphalt 
  Concrete 












Ishida et al. 
 (1997)
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To summarize the above analysis, the albedo is well 
correlated with the sky view factor  and NDVI, and 
each correlation could be explained physically. 
However, in an actual city, the sky view factor and 
 NDVI are not independent; hence, we could not 
determine quantitatively which factor causes the 
decrease of urban albedo. The albedo obtained in 
present study can be used to include the influence of 
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for sky view factors less than 0.58. Ordinate is fitted 
with Fig. 4.1-13 A.
increasing roof area ratios in spite of the 
albedo in DL94.
constant
(D) Comparison with previous studies 
In this  section, our results are compared to the 
numerical simulation in Dong and Li  (1994), 
hereafter  DL94, and to the satellite data analyses in 
Nakagawa and Nakayama (1995), hereafter NN95 . 
DL94 did numerical simulations of albedo for  ideal , 
rectangular buildings with variable roof area ratio , 
sky view factor, and albedo of each component 
surface. They fitted the results to an equation. We 
estimated the distribution of albedo in Sapporo using 
equation in DL94. The calculation assumed a solar 
altitude of 36.7 degrees, which is the value for our 
 measurements, and the surface albedo of walls and 
streets were set to those of Iqubal  (1983), which are 
shown in Tab.  4.1-4.
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Table  4.1-4. Albedo assumptions for simulations in 
Dong and Li (1994).
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Our observations are compared to Dong and Li 
(1994) in Fig. 4.1-15. The observations lie between 
those of case  1 and case 2; in particular, they agree 
more nearly to features of low albedo in built-up 
areas and higher albedos in rural areas. The trend of 
observational data differs from those of the 
calculations.  Probably; this is the influence of 
vegetation on our measurements  because, at low roof 
area  ratios, our observations decrease rapidly with
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Fig. 5.4-15. Comparison of observed albedo with 
calculations of Dong and Li (1994). Parameters of 
the calculations are in Tab. 4.1-4. 
NN95 proposed a regression formula based on the 
satellite-derived albedo of 20 cities in the Kanto 
region. Comparison with NN95 is shown in Fig. 
4.1-16. The albedo in NN95 is a function of only the 
roof area ratio and the sky view factor. Although 
they agree qualitatively with our results, the 
calculated albedos are smaller. The difference is 
large at large roof area ratios and small sky view 
factors. Because the albedo difference is larger at 
such an urbanized and packed canopy, the BDR 
likely influenced  NN95. Satellite measurements are 
at angles near nadir; hence, albedo will be 
underestimated due to the building shade.  However, 
we have to pointed out the valid range of NN95 is 
0.4 <  yr  < 1.0 and 0.1  <  A, < 0.7 according to the 
original figure in Nakagawa and Nakayama (1995).
4.1 Albedo
The extremely low values of 
a < 0.02 are outside the rage of this regression. In 
general, the observations are reasonable because the 
differences with the previous studies can be 
explained physically. The comparisons indicate that 
the influence of vegetation and BDR should be 
considered when discussing the urban albedo.
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The absolute value of albedo in city areas and 
suburbs ranged from 0.13 to 0.15. The albedo clearly 
depended on the canopy structure. For example, 
albedo was larger where the canopy was open and 
thus had a large sky view factor. This point agreed 
with similar findings in previous studies, and the 
reason is likely to be the multiple reflections inside 
the canyon. 
On the other hand, the effect of multiple reflection 
tends to saturate the albedo at sky view factors below 
0.4 - 0.5. It was also shown that the albedo was 
larger over vegetated areas such as parks and other 
open areas, and there was high correlation between 
the albedo and the NDVI. In addition to the 
structural effects from multiple reflections that lower 
albedos, the material difference between plants and 
concrete or asphalt should raise the albedo in open, 
vegetated areas.
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Fig.  4.1-16. Comparison of observed albedo to 
calculated values based on the fitting function in 
Nakagawa and Nakayama (1995). 
4.1.4 Conclusions 
Airborne measurements over Sapporo and Tokyo of 
albedo were done to determine how urban albedo 
depends on the canopy structure in these two large 
urban areas. A pyranometer was used to overcome 
the BDR  problem, and the radiation extinction by the 
atmosphere between the flight level and the ground 
was determined. The observed albedo was then 
compared to the sky view factor, the roof area ratio, 
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4.2  Rouahness  lenath for tern  erature
4.2 Roughness length for temperature 
4.2.1 Estimating the radiometric roughness 
length in an urban canopy 
The roughness length  zT for temperature is an 
important parameter that determines the sensible 
heat flux on an earth surface. There have already 
been many studies for  zT on vegetation canopies, and 
a canopy model for evaluating  zT has been proposed 
 (Lhomme et  al., 1997). However, the difficulty of 
roughness length measurements in a city has limited 
such studies of  zT to only a few studies. On the other 
hand, theoretical improvement of the sensible heat 
flux parameterization over an urban canopy was 
done in Uno et al. (1995). Kusaka et al. (2002) used 
the latter improvement for a numerical  study. 
Although Schmid et  al.  (1991), Voogt and 
Grimmond (1998), and Kanda et al. (2000) 
measured sensible heat flux over an urban  area, only 
Voogt and Grimmond (1998) showed the heat 
transfer coefficient. Voogt and Grimmond (1998) 
focused on the directional anisotropy of the 
radiometric temperature, which is a severe 
complication for parameterizing the sensible heat 
flux; however, they did not determine the 
relationship between  zr (or  kB-1) and the urban 
canopy geometrical structure. 
In the present study, we evaluated  kB-I for an urban 
canopy layer and discuss its relation to canyon 
structure. The  k,134 evaluated here can be used in a 
mesoscale numerical model that does not assume 
detailed building shapes. For the case of neutral 
atmospheric stability, 
          u-Ta  H  
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  —   k
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 z0
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Here, the parameterization of the sensible heat flux 
uses the radiometric temperature for the surface 
temperature T3. Hence,  zT is the radiometric 
roughness length and  kB-1 is radiometric  kB-1  . There 
could be errors due to the use of radiometric 
roughness length for sensible heat flux; however, the 
radiometric temperature is much easier to measure 
than the temperature profile in urban area. Although 
both parameters are closely related,  kB-1 will be 
analyzed rather than  zr because  k.134 does not 
explicitly depend on the roughness height. 
 k-B-1 was evaluated from the sensible heat flux and 
the radiometric temperature with the universal 
profile functions in Kondo (1994), Dyer and Hicks 
(1970), and Kader and Yaglom (1990). 
 r =1f: Oki dz  lvl 
k  izo                   (4.2-5) 
 r  =  —1  r  11  dz 
 k-  zr (4 .2-6) 
 0,1,1 = (1  —  164-)  11  4  (-1  <  <  0) (4.2-7) 
 0x =  (1  —  16CY1/  2  (-  1  <  <  0)                              (4.2-8) 
          74- + 704-3 
 M1 + 1  +  +104-3  (0  <  4-) 
                             (4.2-9)
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4.2 Roughness length for  tem erature
 OH  1+
 74"+44"2  4-2 MI Mg fa
 1+  0.0175C  +  0.0054'2  < 
                    (4.2-10)
The sensible heat flux was observed by two methods . 
In one method, the daily averaged sensible heat flux 
was obtained as a residual of the surface heat  budget , 
whereas the other method used direct measurement 
of the eddy correlation method.  zr was determined 
by iteration of Eqs. 4.2-1 to 4.2-10. The average 
aerodynamic roughness length (z0) over the  source 
area was used in Eqs. 4.2-1 to 4.2-10.
I Kkft. 
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4.2.2 Observations
Instruments installed on the rooftop of the Tokyo 
Metropolitan Government building were used for 
one month of measurements in summer, 1998. The 
3D component of turbulence was measured with an 
ultrasonic anemometer, and the radiometric 
temperature of the building surface was measured. 
Also, the air temperature, relative humidity, solar 
 radiation, and downward longwave radiation were 
simultaneously measured. To avoid the local 
turbulence by the building on which the instruments 
were set up, the ultrasonic anemometer was installed 
19.9m above the roof. Further details of the 
measurements are in Chapter 3. An example of the 
infrared image is shown in Fig. 4.2-1. We analyzed 
the temperature averaged over this image. The 
cooler zone near the image center is a large area with 
vegetation. LOWTRAN7 (Kneizys et al., 1988) was 
used for the atmosphere correction to the radiometric 
temperature. Chapter 3 describes our evaluation of 
this correction. Measurements were usually done 
every  5  min, and averaged for 30  min.
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Fig. 4.2-1. A measured thermal image 
atmospheric correction.
without the
A map of the observation area is shown in Fig. 4.2-2. 
There are large green areas and skyscrapers 
exceeding  100m in height on the east side of the 
observation site, whereas low-rise buildings of about 
 10m height are spread throughout the west side. The 
roof area ratio  A,- and the sky view factor  v/ were 
calculated from city planning data and are shown in 
Fig. 4.2-3. The geometrical structure of an urban 
canopy can be described by the sky view factor and 
the roof area ratio. Here, we use them as the canopy 
geometrical structure index. We found that an urban 
 canopy with a large sky view factor has spread 
around the left bottom corner of the figure, which is 
corresponded with the area of a small roof area ratio . 
Figure 4.2-4 shows the relationship between the roof 
area ratio and the sky view factor in the area shown 
in Fig.  4.2-3. The sky view factor is correlated to the 
roof area ratio such that the sky view factor is 
smaller in crowded areas. This correlation also 
occurs in Sapporo (see Section 4.1). The isolated 
point at the upper right edge of Fig. 4.2-4 is the area 
where a stadium occupied most of the grid . It is out
 4  2  Roughness  length for  tem erature
of the main group because the stadium is a wide but 
low building
Among many estimation methods of the zero-plane 
displacement and the aerodynamic roughness length 
 (Gnmmond and Oke, 1999), the method of 
Macdonald et  al (1998) was used here In the 
calculation, building heights  (zh) were  determined 
from the number of building stories  (f) according to 
Takahashi et al (1981)
 z  h  =30f+10  
,  (42-11)
where f was determined from the city planning data 
The average geometrical features of the target area 
are as follows 13 8m building height, 6 7m 
zero-plane displacement,  1  93m aerodynamic 
roughness length  z0, 0 27 roof area ratio, and a sky 
view factor of 0 37
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 Fig 4 2-3 Sky view factor and roof area ratio in 
the observation area The origin is the Tokyo 
Metropolitan Government building and the unit of 
both axes is 100 m
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Fig 4 2-4 Relationship between the sky view factor 
and the roof area ratio for the area in Fig 4 2-3
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4.2 Roughness length for temperature
4.2.3 Radiometric temperature of an urban 
canopy
For vegetation canopies, the radiometric temperature 
depends on the sensor field of view (hereafter FOV). 
Therefore, the roughness length may be evaluated 
differently according to the sensor FOV 
(Matsushima and Kondo, 1997; Troufleau et al., 
1997). In Chapter 2, we discussed the directional 
anisotropy of radiometric temperature in the urban 
area. Here, we first describe the directional 
anisotropy in the present measurements. The 
 radiometric temperature measured over the urban 
canopy is shown in Fig. 4.2-5 as a function of the 
sensor nadir angle. Each point on the plot is the 
average value during the observation period. The 
radiometric temperature decreases with increase of 
the nadir angle. This surface temperature decrease is 
likely caused by the wall area increase in the sensor 
FOV. The decrease was about 2 degrees  C., which 
nearly equals the temperature difference between the 








To overcome the directional anisotropy of 
radiometric temperature for use in the heat budget, 
we used the effective surface temperature, which is 
the LRF equivalent surface temperature  TLRF (see 
Chapter 2). Here,  Tay and  TLRF, which are described 
below, were examined as a surface temperature.
 Tau : Raw temperature data for a fixed nadir angle. 
     The directional anisotropy was not 





: The LRF equivalent surface temperature. 
This is the surface temperature equivalent to 
the upward longwave radiation flux, which 
can be written 
=  Ao-T.40,1. +  —  ArAllaTsLet +  — 
                            .(4.2-12)
The subscripts roof, wall, and street indicate 
the roof surface, the wall surface, and the 
street surface. To determine TLRF, the surface 
temperature of a typical roof, a sunny  wall, 
and a shady wall were obtained from the 
infrared image.  Twat, is the average of the 
sunny and shady walls. Because the infrared 
image did not contain street surfaces, the 
average of roof surface and shade wall was 
used for  T  street.
In addition,  TLRF', a simplified TLRF, 
in this section.
is also examined
 •  1arg4  urban  gr,,n
 7.7
 nadir  anglh  sensar  (.1
Fig.  4.2-5. Dependence of the observed radiometric 
temperature on sensor viewing angle. The abscissa is 
the nadir angle of the sensor. Each point is the 
average over the observation period.
T'  LRF : Simplified  TLRF. The shade surface 
temperature was assumed to equal the air 
temperature inside the canopy in Eq.4.2-12. 
This assumption is shown to be accurate in 
Chapter 2. The air temperature is easier to 
measure than the surface temperature.
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There was a relatively large fraction of 
northwesterly-oriented surfaces in the sensor FOV 
when the infrared thermometer pointed southeast . 
We avoided influences on temperature from this 
effect by using the averaged temperature  TLRF. 
Figure 4.2-6 compares the three measures of surface 
temperature.  Tay is only  slightly lower than TLRF  , 
whereas  TLRF' is slightly lower than TLRF. The 
differences are larger at higher temperatures. To 
determine the influence of directional anisotropy , 
 k.134 is calculated using these three measures of 
surface temperature in the following discussion. 
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Roughness  length for  temperature
4.2A Measurement and validation of the sensible 
heat flux
The sensible heat flux was observed by two methods 
separately. In one method, the daily averaged 
sensible heat flux was obtained as a residual of the 
surface heat budget. The other method was the eddy 
correlation method, whose average period was 30 
 min.  Here, we describe more details for each  method , 
starting with the budget method. The daily averaged 
heat budget can be written
20
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of surface temperatures on 
TLRF' versus TLRF. B)  TLRF
The ground heat flux would cancel over the diurnal 
 cycle. Also, the latent heat flux can be neglected for 
the building  canopy. The sensible heat flux H can be 
determined as a residual of Eq. 4.2-13 with the 
observed S.  Lsky, and  Ts. The albedo used here is the 
result of the airborne observation  (0.11) , and the 
emissivity was assumed to be unity. and  TLRF 
were used for  T.,  in Eq.4.2-13. Figure 4.2-7 shows the 
resulting sensible heat flux. The daily averaged 
value of the solar radiation and the wind speed are 
also shown. The sensible heat flux is shown for days 
that had not had rain since the previous day . This is 
because Eq. 4.2-13 is inaccurate for a rainy day due 
to the heat exchange between raindrops and ground , 
and due to the latent heat flux. Moreover , the day 
after a rainy day, the ground heat flux would not 
cancel over a diurnal cycle because the underground 
temperature profile would differ from that of a dry 
day. Three kinds of plots are shown for the sensible 
heat flux; each is evaluated from one of the surface 
temperatures  T,  TLRF, or  TLRF'.
Because  T„ is lower than  TERF, the sensible heat flux 
by  T„ is about 10 W  rr1-2 larger than that by TLRF even
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4.2 Rou hness len th for  tern erature
though the temperature differences were not obvious 
in Fig. 4.2-6. Furthermore, we found that the 
sensible heat flux was in phase with the solar 
radiation. The sensible heat flux on the building 
canopy is typically 10 to 100 W n12. Another 
observation with same method in 1999 inferred 
sensible heat fluxes of 120 to 200 W  m-2. The larger 
sensible heat flux was due to the larger solar 
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The eddy correlation method is now considered. The 
vertical wind speed data measured by the ultrasonic 
anemometer showed a mean up-flow. This should be 
caused by the building body on which the ultrasonic 
anemometer was mounted.  Therefore, the 
cross-stream component of the turbulent heat flux 
was taken as the vertical sensible heat flux at the 
measurement level. An example of the diurnal 
variation is shown in Fig. 4.2-8. The wind direction 
during that period was east to southeast. For this 
wind direction, the ultrasonic anemometer is 
windward to the air conditioner facilities on the  roof: 
therefore, the anthropogenic heat from the air 
conditioners would not affect the measured sensible 
heat flux. The sensible heat flux is in phase with the 
solar radiation and had a daytime magnitude of 100 
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Fig. 4.2-7. Time series results from the budget 
method in 1998. From top to bottom , the plots are 
 kB-1 sensible heat flux, and solar radiation and wind 
speed. The sensible heat flux and  kB-1 are shown 
 only for rain-free days when there also had not been 
rain on the previous day.
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Fig. 4.2-9. Comparison of measured sensible heat 
flux between the eddy correlation method and the 
budget method. Two budget methods are shown: one 
based on  T„ and the other on  TLRF.
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Fig.  4.2-8. Diurnal variation of  kff  I (top), sensible 
heat flux by eddy correlation (upper  middle), wind 
direction (lower middle), and the solar radiation 
(bottom). Three measures of  kff  I were calculated 
using three measures of surface temperature:  Tay, 
TLRF, and  TLRF' (Section 4.2.3).
To evaluate the accuracy of the eddy correlation, the 
resulting sensible heat flux was compared with that 
of the daily average obtained using the heat budget 
(Fig. 4.2-9). The points are data for days of  rain-free  . 
Two measures of the sensible heat flux by budget 
method with  T„„ and  TLRF are shown. Although there 
are few data points, the sensible heat fluxes obtained 
by the eddy correlation method agree roughly with 
those of the budget method. The figure indicates that 
both methods are valid with an error of 100%.
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4.2.5 Estimation of  kffiover an urban canopy 
(A) Daily average 
The daily averaged  kB-1 was evaluated from the 
surface temperature and the sensible heat flux using 
the budget method. Three measures of temperature 
 TLRF, and  TLRF' were used. For  z0 and  zd, we used 
averages over the observation area, which were 11.4 
in and 13.5 m, respectively. Figure 4.2-7 shows the 
result, which ranges between 0 and 15. The negative 
 kB-1 seems unphysical, but we can not deny such 
situation perfectly. In agreement with Troufleau et al. 
(1997), the  figure indicates a negative correlation 
between the sensible heat flux and  0-1  . The daily 
averaged  kB-1 difference due to the surface 
temperature measure is about 2.
We now consider whether the infrared thermometer 
FOV influenced the  kB-I  . The radiometric 
temperature of urban canopy was re-analyzed at each 
sensor viewing angle. The sensible heat flux and the
4.2  Ronahness  length for  temperature
 kir' were then determined at each angle from this 
temperature and plotted in Fig.  4.2-10. Plots were 
averaged only for days without rain, and were 
normalized by the value at nadir angle of 73 degrees. 
The resulting  k13-1 decreases by about 50% at the 
maximum angle. The  k.13-1 is smaller at larger nadir 
angles because the portion of walls in sensor FOV 
increases and hence the averaged temperature 
decreases. 
In conclusion, the daily averaged  kB-1 was evaluated 
to vary between 0 and 15, but these values are 
uncertain to about 50% according to the infrared 
thermometer  FOV.
over the observation area.
   1.4 
   1.2 
 Er)  1.0 
• 0.8 
   0.6 
   0.4
75 80 
 off–nadir angle (deg.)
2) The  zo and  Zci n the flux source area are calculated 
by the method in Macdonald et al. (1998) from the 
building structure information. 
3) The  zT is  determined as the flux-profile relation 
that is consistent with the  z0, the sensible heat flux, 
and the radiometric temperature. The  04 is 
calculated from the resulting  zT and  zo in the source 
area. Although  zo was obtained by the building shape, 
it is theoretically possible to determine  zo from the 
momentum flux by the eddy correlation method. 
However, the up-flow caused by the building 
disturbed the turbulence  data, and thus it was 
difficult to obtain an accurate momentum flux. 
Because the momentum flux is the second order 
moment of wind speed, it is generally more difficult 
to get an accurate momentum flux than it is to get an 
accurate sensible heat flux..
70 85
Fig. 4.2-10.  kffi evaluated at each sensor viewing 
nadir angle. Values are normalized by the value at a 
nadir angle of 73 degrees. 
(B) 30 minute averages 
 kB-1 was evaluated every  30  min of the observation 
period from the sensible heat flux obtained by the 
eddy correlation method. As an example, Fig. 4.2-8 
shows the daily variation of  kB-I with that of the 
sensible heat flux. Figure  4.2-11 shows the 
calculation procedure, which is as follows. 
1) The source area for the observed sensible heat 
flux is evaluated from  zo and  zd, which are averaged
 (1) Source area  1
  
, u*„ estimated from 
 Ta,U, 
     H ( by eddy correlation), 
 Ts (simple average) and 
 z0 (area average) 
 •ci„ (by sonic) 
 ..zo  (area average)
 (2)  zo,  cl  4—  GIS  data  
  (average on source  area  )
 (3)  zr,  k.19-1 
  (stability considered)
 T„, U 
H ( by eddy correlation) 
 Ts  (LRF  equivalent  )
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Fig. 4.2-11. Calculation procedure of  k,13-1 
The ultrasonic anemometer was installed at the 
eastern edge of the building. Therefore when the 
wind is from the west, the measured sensible heat 
flux would be disturbed by the anthropogenic heat 
originated from the air conditioning facilities on the 
roof. Hence, only the easterly wind cases were
4.2  Roughness  length for  temperature
selected for the analysis.  In Fig.  4.2-8,  icirl shows 
diurnal variation from about 7 in the daytime to 
about 20 in the nighttime. The values of  k13-1 agree 
with those in Voogt and Grimmond (2000), and our 
results of the daily average. The averaged  k13-1 in the 
period without rain is  11.1 with a standard deviation 
of 8.9. The daily variation of  k-B-1 is caused by 1) the 
nature of parameter  k13-1 itself (Troufleau et  al., 
1997), and 2) the variable distribution of sunny and 
shady places in a canopy  (Bnitsaert and  Sugita, 
1996). The daily variation of  ic.B-1 can reach 15 and it 
is larger than the  kB-1 difference due to different 
measures of radiometric temperature. This is 
consistent with Voogt and Grimmond  (2000). 
Although not shown in a figure,  kB"' calculated using 
  might become negative. A negative  k13-1 means 
that the turbulent heat transfer exceeds the 
momentum transfer, which is hardly be actual 
situation. Therefore,  T,„, in which the directional 
anisotropy of  radiometric temperature is not 
considered, is an unsuitable temperature for the heat 
budget. Conversely,  TLRF and  TERF' are suitable in 
this regard. T LRF and  TLRF' result in  kg' that differ by 
1 to 3, although we could not determine which 
temperature is better. Also, anthropogenic heat is an 
extra heat flux that would decrease  kI3-1;  however, 
we neglected anthropogenic heat because the data 
was not available. 
4.2.6 Relationship between  KB' and an urban 
canyon structure 
Because  zo and  zr are influenced by the airflow and 
temperature distribution in the canopy respectively,
 ith-1 should depend upon the canopy  structure. In this 
section, the relationship is analyzed between  kB"' 
and the sky view factor  1,11 and the roof area ratio  A,. 
Some wind tunnel experiments revealed that 
turbulent heat transfer occurs over the canopy 
although few studies include such transfer in an 
actual urban area. Here, Narita et  al. (2000) and 
Ishida (1998) are reviewed and re-analyzed for the 
relationship between canopy structure and  HT'. The 
field observations are analyzed based on these 
results. A physical explanation for the structure 
dependency of  kffi is based on wind tunnel and field 
 observations.
(A) Scale model experiments in previous studies 
Narita et al. (2000) measured evaporation from 
wetted paper stuck on the model surface in a wind 
tunnel experiment. The model was constructed as a 
simple urban canyon. They assumed that the 
transport of sensible heat is analogous to water vapor 
transport, and thus determined the canyon's 
distribution of turbulent transfer coefficient, which 
corresponds to CHU. They discussed the canopy 
structure effect on the heat transfer by changing the 
configuration and size of the roughness elements. 
We used their result for the heat transfer  coefficient 
over the canopy. Assuming the RF effective surface 
as the effective canopy surface in chapter 2, the heat 
transfer coefficient  CHU  total can be calculated as a 
weighted averaged of Narita et  al.'s (2000) CHU. The 
 k13-1 was calculated from  CHU total and Macdonald et 
 al.'s  (1998)  zo and  zd.
 CHU total = A,•-CU              votH roof + ACU       wallH wall +  A.TtreetC  HU  street (4 .2-14)
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The heat transfer in the urban canopy should be 
controlled by the canopy surface roughness and the 
distribution of sunny and shady surfaces (Roth and 
 Oke. 1995). Atmospheric stability was supposed to 
be near neutral in Narita et al. (2000) because the 
thermal condition was purposely not  controlled. 
 Therefore, their result does not include the effect of 
temperature variations due to radiation, which may 
be significant in urban canyons.
Figure 4.2-12 shows the relationship between  /c13-1 
and the canopy structure.  kB-1 was normalized by its 
value at  zh/W=6. The structure parameters of the sky 
view factor and the roof area ratio are applied to the 
wind tunnel model as well as to an actual urban area. 
Figure 4.2-12 shows that the correlation between 
 k-13-1 and the roof area ratio is positive, whereas the 
correlation with the sky view factor is negative. 
Figure 4.2-13 shows that these two  structure 
parameters are correlated. This is because the wind 
tunnel experiment could not produce a deep 
boundary layer (Narita, personal communication). 
This laboratory limitation prevents us from finding 
the dominant factor between the sky view factor and 
the roof area ratio. The physical interpretation of the 
structure dependency is also difficult. However, the 
correlation trend in Fig. 4.2-13 is similar to that in 
Fig. 4,2-4 for the actual urban area. Therefore, it is 
 likely that the  lc-B-1 has a positive correlation to the 
roof area ratio in an actual urban area. This means 
that the heat transfer increases relative to that of the 
momentum as buildings become more crowded. 
 Quantitatively,  kEl increases with an increase in the 
roof area ratio at 
 A,. > 0.3. The minimum  kEl seems to be near 
 A,. = 0.3. Although the analogy between the field 
experiment and the wind tunnel experiment might be 
 imperfect, it is likely that a unique value of the roof
area ratio has a minimum  a"' in an 
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0.6 0.8
Fig. 4.2-12. Dependence of  kB-I on canopy structure 
indices  A,. (top figure) and sky view factor (bottom). 
These are re-analyzed results of  Narita et al. (2000). 
 k130-1 is the value at  zj/W=6  .
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• Fig. 4.2-13. Experiment conditions in Narita et al. 
(2000). The model roughness density (roof area 
ratio) and the sky view factor from the area between 
roughness elements. 
Ishida (1998) also did an experiment on heat 
exchange over a model rough surface in a natural 
convection condition, although the conditions were 
not neutral as they were in Narita et al. (2000). The 
 sensible heat flux by natural convection was fit to 
  H= Cnat.convT ) 3                        . (4.2-14) 
Ishida (1998) showed that the coefficient  C„„  cony 
would vary with the roughness density and 
roughness height. The latter two factors correspond 
to the roof area ratio and the sky view factor, 
respectively. Figure 4.2-14 shows  C,7„„,„, with the 
roof area ratio and the sky view factor in  Ishidats 
experiment. The sky view factor was calculated in 
the present  study. The geometric shape condition for 
his study is shown in Fig.  4.2-15. There was no 
correlation between the roof area ratio and the sky 
view factor in Ishida (1998). He showed that the 
roughness height would affect  Gat .com, more than the 
roughness density, and the maximum 
appears near  A,=0.25. He also noted in the
discussion that the  C.A. would approach to that of
a flat smooth surface 
approached unity.
 ̂ :, 
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Fig. 4.2-14. Coefficient  C„.t.conv determined in Ishida 
(1998) with the surface structure index. The roof 
area is the  roughness density in his experiment, and 
the sky view factor was calculated in the present 
study.
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Experimental conditions in Ishida
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(1998). Relationship between the 





observations in the present
The relationships between  k-B-1 and the sky view 
factor, and between  k-B-I and the roof area ratio are 
shown in Fig. 4.2-16. (These parameters are the 
basis of the canopy structure index.) These 
relationships resulted from the field observations in 
the present study. In the calculation,  TLRF was used as 
a surface temperature, and the structure index was 
averaged over the flux source area. The points were 
selected to be days with  no rain and had a easterly 
wind. Because  kg' depends on the sensible heat flux 
(Troufleau et  al.,  1997), the filled circles indicate 
points in which the sensible heat flux exceeded 100 
W  m-2.  k13-1 generally increases with increasing 
sensible heat flux, particularly for 
 H  > 100 W  m-2. However, the positive correlation is 
weaker for the sky view factor. In particular,  kI3-1 is 
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Fig. 4.2-16. Relationship between  kB-1 and the 
canopy structure indices. Top figure:  kir' versus 
roof area ratio. Bottom:  kffi versus the sky view 
factor.
We now compare the field observations in Fig. 
4.2-16 with the wind tunnel experiment in Fig. 
4.2-12. Although they have a different range of the 
roof area ratio, they both have a positive correlation . 
Also, for the sky view factor  r,u both studies show a 
nearly constant  lc-B-1 at  it  > 0.4. 
The sensible heat transfer in an actual urban area 
would be affected by the temperature distribution in 
the canopy. On the other hand,  Brusaert (1982) 
parameterized  zT for an isothermal bluff-body 
surface by the roughness Reynolds number Re* as 
 z =  z {7.4  exp(-2,46Re025)}  (4
.2-15) 
 Re„  =  z  ou.                          (4
.2-16) 
where v is a kinematic molecular viscosity 
(1.461X  10-5  ms-1).  kb-1 was calculated by Eq.  4.2-15 
and is compared with the observed value in Fig. 
 4.2-17. That  1c13-1 for the isothermal bluff-body is an 
upper limit for the observation can be explained by
4.2 Rou hness  length for tern erature
the temperature variation in an actual urban area. 
That  is the temperature variation would promote 
heat transfer and thus decrease  kB-1  . This tendency is 
seen also in a field experiment in  Vancouver , 
Canada (Voogt and Grimmond, 2000).
with that in Ishida (1998); in  particular,  CnaLconv  in 
our study did not significantly correlate with the roof 
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 Fig. 4.2-17. Comparison between  Id3-1 for an 
isothermal bluff-body  (Bnisaert, 1982) and the field 
observations in the present study. The horizontal 
axis is the roughness Reynolds number.
(C) Sensible heat transport under natural 
convection and the urban canopy structure
We applied Eq. 4.2-14 to the present observation 
data to evaluate  Cnurconv. The resulting  Cmt.con, at the 
unstable condition of z/L < -10 is shown in Fig. 
4.2-18 versus the canopy structure indices. No 
correlation is apparent for this condition, nor were 
correlations found for other stability conditions . 
 C„,,,,,, is larger for the observations than those in
Fig. 4.2-14 probably because their temperatures 
were measured at different altitudes. The structure 
effect on the heat transfer in our study did not agree
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Fig. 4.2-18. Heat transfer  coefficient  C„atconv in an 
actual canopy environment versus the roof area ratio 
(top) and the sky view factor (bottom). Only data 
satisfying the unstable condition < -10 are 
shown.
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4.2.7 Concluding remarks
In this section, the sensible heat transfer over the 
urban canopy was analyzed and the structure effect 
on heat transfer was discussed. The parameter  kB1 
which expresses the relative efficiency of the 
turbulent heat transfer to that of momentum, was 
evaluated from field observations in an urban area. 
In the calculation,  z0 and  zd are determined from the 
geometrical building shape by the method in 
Macdonald et al. (1998).  TLRF was used as surface 
temperature to avoid the problem of directional 
 anisotropy.
Both the daily and  30min average of  k13-1 varied from 
 0 to 20, averaged 15.8, and varied diurnally with 
amplitude 10. Furthermore, directional anisotropy in 
the radiometric temperature caused a 50% variation 
of  k.B-j  .
The structure in the  canopy should affect the heat 
transfer over the canopy through temperature 
variations and mechanical turbulence in the canopy. 
In the present  study, the  structure effect on  kir' was 
examined with the canopy geometrical structure 
index, the roof area ratio Ar, and the sky view factor 
 v. Although the physical cause has not been  fully 
explained,  kg' is affected by both canopy structure 
and diurnal variation to a similar degree.  kB-1 
showed a positive correlation with the roof area ratio 
 at  Ar> 0.2 but was roughly constant at  v> 0.4. These 
two trends agree with Narita et  al.'s (2000) wind 
tunnel experiments that were based on a neutral 
condition. However, the structure effects in  Ishida's 
(1998) natural convection experiments were not 
confirmed in the present field observation.
al. (2000). Although atmospheric stability differs 
between these studies, it appears likely that the 
minimum  lc_B-1 should be within the roof area ratio of 
0.2 to 0.4. This suggests that a unique canopy 
structure has a maximum heat flow at which  kB-1 
should be a minimum. These maxima and minima 
occur because an urban canopy with either very 
small or very large roof area are both similar to a 
uniform plane.
Previous studies have not clarified the physical 
process of heat exchange between an urban canopy 
and the overlying atmosphere. One result of the 
present study is that the  structure effect on  kir) in an 
actual urban area would significantly affect the 
urban climate.
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Fig. 4.2-19. Dependence of  k-B-1 on the 
ratio for two studies.
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Figures  4.2-19 and 4.2-20 summarize the results of 
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Fig.  4.2-20, Dependence of  kB"1 on the sky view 
factor for two studies. 
Further wind tunnel experiments should be useful to 
better understand the physical processes.  However, 
the experimental conditions are limited. In  addition, 
their applicability for an actual urban area should be 
considered. For example, Narita et al. (2000) 
considered neither wind direction fluctuations nor 
the variability of building height.  However;  Okuma 
et al. (1986) did wind tunnel experiments with 
roughness elements of irregular heights. The height 
distribution was set to approximate an actual urban 
area. They showed that the aerodynamic  roughness 
length was 1.3 to 3.0 times larger than that with 
homogeneous height elements. In addition, they 
showed that the aerodynamic roughness takes 
maximum at higher density than that with 
homogeneous height elements. Therefore, it is likely 
that the height variation affects the thermal 
roughness length. We should increase our 
knowledge about factors such as the height 
distribution and wind direction fluctuations.
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4.3 Thermal property parameter of surface
4.3.1 Problems on thermal property parameter in 
urban area 
One of the primary causes of the urban heat island 
phenomenon is the difference in surface heat storage 
between urban and rural areas. For example, 
Grimmond and Oke (1.999) conducted a study based 
on observations that the heat storage could exceed 
50% of the net radiation as a daily average in an 
urban area. By numerical simulation, one of the 
earliest studies showed the importance of heat 
storage. Atwater (1972) demonstrated that air 
temperature changes due to urbanization of the soil 
thermal properties were on a par with changes in 
other surface parameters, including roughness and
moisture availability. However, such numerical 
studies were based on the thermal property 
parameters of each surface material, such as urban 
concrete or rural bare soil. It is not clear whether the 
thermal property parameter for a large area is 
equivalent to the averages of each component 
material. In addition, the parameter of each material 
composing an urban area has not been  determined. 
In this study, the thermal property parameter of the 
surface was expressed as  cpA, where cp is the heat 
capacity and A is the thermal conductivity. Table 
4.3-1 shows the cp and  A of concrete materials 
reported in previous works. Their variety reaches an 
order of 100%. Watanabe et al. (1984) showed that 
concrete thermal property parameters greatly depend 
on the production process and ingredient ratio of the 
material.
 Tab.  4.3-1 Heat capacity cp and thermal conductivity A of concrete material shown in the previous works
Source  cp 
Jm-3K-1  Wm-1 K-1
  c  pA 
J2s--1K-2m-4
 Kondo,1994 2.1 x 106 1.7 3.57  x 106
Astronomical 
Observatory, 1999  2.0  x 106  1  2.0  x 106
Matsuo et  al., 1986 1.59 x 106 0.8  1.28  x 106
Artificial light-weight 
aggregate concrete plate




°kepi 978 2.80 x  106 0.08  2.24  x  104 Aerated concrete
 Oke,1978 2.11  x 106 1.51  3.19  % 106 Dense concrete
 Stu11,1988  2.26  x 106 2.44 5.51 x 106
JSME*, 1966
 1.7 x 10 ' 0 .81 
 2.0  x  106 1.4
 0.57  x  10u  ^-
    2.8  x  106
*: Japan Society of Mechanical Engineers
Many studies have addressed earth-surface thermal 
 property parameter estimation. One of the  earliest,
by Price
(Vcp),
 (1977), demonstrated the thermal inertia
) mapping method using satellite data on the
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surface temperature difference between day and 
night. The concept was extended to soil moisture 
estimation (van de Griend et al., 1985). Since those 
studies appeared, the thermal inertia mapping 
method has been improved. Xue and Cracknell 
(1995) used the phase angle information of surface 
temperature diurnal variation, adding this data to the 
temperature difference. Sobrino and Kharraz (1999) 
demonstrated a more sophisticated method that used 
four consecutive satellite measurements.  Hafner and 
Kidder (1999) applied thermal inertia mapping for 
the heat island numerical simulation. However, these 
studies did not solve the problem of directional 
variations of infrared radiometry. On the 
heterogeneous complex terrain, the surface 
temperature has sensor viewing angle dependency. 
Takamura et al. (1996) showed, using airborne 
observations, that urban anisotropy of infrared 
radiometry would cause serious error on radiation 
budget estimation. The application of these thermal 
inertia mapping methods were therefore restricted to 
the homogeneous flat surface (Sobrino and  Kharraz. 
1999). This problem was one focus of the present 
study. 
The main objective of this section is to estimate the 
 cpA, of a large urban  area, which was several km 
horizontal area. The procedure of this study is as 
follows. First,  cp.1 is estimated from the nocturnal 
cooling time series of LRF equivalent surface 
 temperature, which was obtained by airborne remote 
sensing observation. Second, more accurate 
estimation is  performed with a one-dimensional heat 
transfer equation and more frequently observed 
radiometric surface temperature.  Finally,  cpA is 
analyzed with the urban canyon structure data.
4.3.2 Surface thermal property parameter  (cpA) 
for urban surface 
The  cpt of urban complex terrain was estimated 
from the surface temperature time series. Surface 
temperature was obtained by airborne remote 
sensing. Nocturnal cooling time series was needed
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for the estimation, however the night flight was 
prohibited for its danger. Therefore, data were 
obtained at evening and  morning. From this 
restriction, we used the simple method to estimate 
the  cpA. 
1) Airborne remote  sensing observation
Airborne observation was conducted on October 23 
and 24, 1997, in Sapporo, one of the largest cities in 
Japan. Two consecutive flights were conducted. The 
first was just before sunset (16:30 JST), and the 
second was just before sunrise (06:00 JST) the next 
morning. Weather conditions were fine, and the sky 
was approximately 1/8 covered with cirrus clouds. 
The wind speed at urban roof level had been lower 
than 2.0  ms-'  during the night. 
The target area is shown in Fig. 4.3-1. The average 
ratio of building height and street width was 0.78 for 
the highly built-up area, 0.36 for the light industrial 
area. The surface temperature was measured for 
these two different land-covers. In addition, the 
homogeneous asphalt surface of the airport was 
measured when the airborne vehicle was landing. As 
a surface temperature sensor, a  pyrgeometer (Eppley 
 MR,  4-54tm) was set in an open hatch of the 
helicopter. It viewed the wall surface as well as the 
building roof and street, and averaged the 
three-dimensional urban surface. The flight altitude 
was  610m; therefore, the upward radiation flux from 
the 730m-radius surface area below the helicopter 
occupied 80% of the radiation flux at the 
pyrgeometer. The  pyrgeometer dome correction was 
performed with the dome surface temperature 
(Shiobara and  Asano, 1992). Air temperature, air 
 pressure, and humidity were also measured to 
correct the atmospheric influence on radiation 
transfer. The correction was done by LOWTRAN7 
(Kneizys et al., 1988). The validation of the 
correction was shown in Chapter 3. The 
measurement error with regard to the 
dome-corrected pyrgeometer itself was 2.0  Wm-2 as 
a systematic  error, and  5.9-10.2Wm-2 as a random 
error (Shiobara and Asano, 1992). These two error 
factors of instrument and atmospheric correction
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were considered; therefore, the total systematic error 
of surface temperature would be 0.6-2.4 K, and total 
random error would be 0.3-1.0 K. 
The pyrgeometer on the airborne vehicle measured 
the surface temperature average, putting the most 
weight on the area that was directly below it. The 
weight became smaller in regions of measurement 
farther from the point directly below the airborne 
vehicle. This weight distribution could create a 
serious error for the measurement of temperature on 
the heterogeneous surface. In this study, upward 
longwave radiation flux was averaged over the flight 
path to avoid this error. The surface emissivity was 
assumed to be unity  (blackbody), which should not 
generate a considerable error in the temperature 
difference between evening and morning. The 
validation will be shown later.
temperature in one night was obtained from the data 
from two successive flights. To compare (57'                                           —ohs, the
cooling amount was calculated  (ST,,,k) with assumed 
 cp2. after Groen (1947) (see also  Kondo,1994), as
 r5T„,, =  (571,,a„P(x)
(5T.=Lsky To (  )114
(4.3-1)
(4.3-2)
P(x) = 1— exp(x){12 fx exp(— y2)dy} 
                                   , and
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Fig. 4.3-1 Target area of the airborne observation in 
Sapporo. Deep and light shadings represent the 
highly urbanized area and the light industrial area 
respectively. 
2) Results and discussion  
Because only two flights were conducted on one 
night, a simple method was used to estimate the  cp.i . 
The actual cooling amount  (6T  ob,y) of the surface
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where  a-is the Stefan-Boltzmann constant .  .1,31,y is the 
downward longwave radiation flux, t is the time 
from  evening,  To is the surface temperature at  t=0 
and  ¶, is the maximum cooling amount. Solving 
the one-dimensional underground heat transfer 
equation under the nocturnal radiative cooling 
condition yielded these equations . In these equations, 
sensible heat flux and latent heat flux were neglected . 
Anthropogenic heat release was also neglected . In 
obtaining these  equations, a constant ground 
temperature profile was adopted for the initial 
condition. The calculation of  c5T  wk. was performed 
for different  c  pA,, although  L .,19, and  To were 
determined from observation. The  cpA„ that showed 
the minimum difference between  (5T  cal, and  bTobs was 
adopted as an estimation result. The estimation error 
of  cpA, would then be caused by observation error of 
Lsky and  OTob,, which would be 10  Win-2 and 1 K , 
respectively. Therefore, the total  cpA, error range 
would be  3.6 X 106 J'S-'K-2m-4 . For the asphalt 
surface of the airport, the error range would be 
narrower because the atmospheric correction would 
be more accurate at a lower flight altitude . 
Table 4.3-2 summarizes the results . The 
homogeneous asphalt surface was almost the same
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as those in previous works (Tab. 4.3-1). The urban 
 cp/1 was larger than that of the homogeneous asphalt 
surface or the pure concrete material. Apart from its 
absolute values, what we have to pay attention to is 
that the urban  cp2 was larger than that of the flat 
asphalt surface of the  airport. The main reason for 
the larger  cp.1 should be the canyon structure of the 
urban surface. It is well known that the canyon 
structure prevents nocturnal cooling, and the 
temperature fall is slower than that of the  fully 
exposed surface (Oke, 1981). The net radiation loss 
on the surfaces of walls and streets is smaller than 
that of roofs, because other urban canopy walls 
covered the former. The resulting  cp2, should be due 
to the slow cooling rate on the canyon surface.
Tab. 4.3-2. Estimation results of the 
observation with the LRF equivalent surface 
temperature.
    Observation  area/Source  (j2  s-  1K-  2m  -4)
should vary with cloud movement. Second, the 
initial underground temperature was assumed to be 
constant, though fluctuation occurs. To overcome 
these problems, covered in next chapter , more 
frequent measurements of  Lsky and surface 
temperature were conducted. The  cpA, for a  highly 
built-up area was estimated using a revised and more 
sophisticated surface heat budget model.
Highly urbanized area 
   (observation)
 8.0X 106
Light industrial area 
  (observation)
 5.2  X 106
Homogeneous asphalt 
   (observation)
 1.4  X 106
Previous works 
 (Tab. 4.3-1)
 1.28-3.57  x 106
It was shown that the thermal property parameter 
 cpA of the urban surface is larger than that of the 
homogeneous surface. On the other hand, 
observation errors of  L.,19, and  67'ob., would cause a 
 cpA error of approximately 3.6X 106  J2s-11(-2m-4. 
This result is far from satisfactory as a heat budget 
parameter estimation. Because only two 
measurements were conducted, it was considered 
that they could have been much affected by random 
errors. In addition, there were several insufficiencies 
with regard to the methodology.  First, we assumed 
   as constant in calculating  bT„Ic. However, it
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estimation using continuous measurement 
1) Observation 
An observation was conducted during the summer of 
1998 in Tokyo's metropolitan area. Instruments were 
located on the roof of a Tokyo metropolitan 
government building, the height of which was 245m 
AGL. An infrared thermal imager continuously 
measured the surface temperature of the urban areas. 
The infrared image was recorded automatically 
every five minutes. A pyrgeometer measured the 
longwave downward radiation flux density at minute 
intervals. 
An example of the measured infrared image is 
shown in Fig. 4.3-2. The areas for analysis are 
framed. As previously mentioned, the observed 
surface temperature should be the  LRF equivalent 
temperature  (T F), or the complete urban surface 
temperature  (11) at  least. However we used observed 
surface temperature that is not adequately averaged 
like  7', or  TF. Discussion will be held later about 
this point. Land-cover of the target area included 
highly built-up commercial and residential buildings , 
whose averaged canyon aspect ratio (building 
height/street width) was 0.94. The roof area 
accounted for 40% of the horizontal  area. For  cpA 
estimation, nocturnal radiative cooling was adopted; 
therefore, three nights of calm weather (wind speed 
U <4  ms-1 at about  100m above the roof level) and no 
rainfall conditions were strictly selected from a total 
of 30 observed nights. 
Atmospheric correction was performed for each
4.3 Thermal  mope arameter of surface
infrared image. A linear relation was assumed 
between the observed temperature and the corrected 
surface temperature for each target-sensor distance 
(d): 
 Tcorrected=  A(d)Tob.„,,d+B(d)  (43-5) 
 A(d) and  B(d) were calculated using LOWTRAN7 
with the meteorological data each  time. The 
validation of this correction was shown in Chapter 3.
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Fig.  4.3-2 Examples of measured infrared image. 
 linage taken from the metropolitan government 
building for cp2 estimation. The areas for the 
estimation were shown with frame. A low 
temperature area in the middle right is a forest of 
Meiji shrine. 
Surface emissivity correction for an urban area is a 
substantial and difficult problem for surface 
temperature  remote sensing. There are two inhibiting 
factors: 1) Emissivity of each surface material is still 
unknown, and appears to have a wide range in urban 
areas; 2) The incident radiance at the target surface 
must be known for the correction. However, 
multiple scattering of longwave radiation in the 
urban canopy layer is too complex to obtain this 
 value. In this study, we do not deal with each surface 
of the urban canyon  structure, and the surface 
emissivity on the city-scale was assumed to be 1 
(black body). The validity of this value as a surface 




Nocturnal cooling of an urban surface was analyzed 
and  cp2, was estimated in the following manner. The 
surface temperature time series was calculated by 
the surface heat budget model. Calculations were 
performed with many pairs of assumed cp and 2. 
The best pair of cp and 2 (i.e., the pair that allowed 
the minimum difference between the observed and 
the calculated temperature) was adopted as an 
estimation result. This method was marked by the 
fact that the calculation was conducted under real 
conditions. This was not the case in previous studies, 
such as that by Sobrino and Kharraz (1999), though 
this approach is rather similar to that of Hafner and 
Kidder (1999). The surface heat budget model was 
used under nocturnal cooling  conditions, and the 
sensible heat flux and the latent heat flux were 
neglected. The anthropogenic heat flux was not 
treated explicitly. The surface heat budget can be 
shown as follows: 
4
 L =G  + a T   sky (4
.3-6) 
 L.,i,y is the downward longwave radiation flux at the 
urban canopy  top. G is the ground heat flux, which 
included the heat flux into the buildings but not 
canyon air heat storage. The surface emissivity was 
assumed to be 1 also for the heat budget. A 
 one-dimensional heat transfer equation was used to 
calculate G.
 cYT  c2  2T  
            cp  cz2 and (4.3-7) 
           G=-2 ( 697, 
 Lri (4.3-8) 
where p and A were assumed to be constant at any 
depth. In the calculation, time step and vertical grid 
space were set at 10 seconds and  1  cm. As noted
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earlier, the urban surface was treated as flat and 
homogeneous in this study, and a simple boundary 
condition was therefore adopted. In considering the 
mean wall depth (30cm) and daily variation of air 
temperature, the bottom boundary (50cm deep) was 
set at a constant temperature, 27.5 degrees Celsius, 
which was a one-month average of the observed 
surface temperature (Jul. 26 to Aug.26, 1998). The 
daily temperature cycle does not extend below a 
certain depth, and the temperature at this depth is 
almost the same as the daily average of the surface 
temperature (Stull, 1988, P284). Some sensitivity 
tests indicated that this bottom depth was 
sufficiently deep, and the lower  boundary condition 
was not so critical. The initial surface temperature 
condition was set to that observed at 18:00. The 
underground temperature profile was assumed to be 
linear between the surface and bottom boundary 
conditions. This profile is more reasonable than the 
constant underground temperature condition used in 
Groen (1947). A trigonometric function would yield 
a better initial  condition: such a function could show 
the daily variation of the ground temperature profile. 
However, this method requires additional heat 
budget parameters, such as the albedo and the 
sensible heat transfer coefficient. Because these 
parameters were uncertain for the large-scale surface, 
the linear initial condition was adopted in this study 
in order to avoid this uncertainty. 
Although cp and  A were treated individually, only 
the  product,  cp2, had meaning as an evaluation 
result. Because cp and  2 have similar effects on the 
surface temperature time series, it is impossible to 
distinguish them using only the surface temperature 
data in this study. However, we will be able to obtain 
a significant amount of information useful to 
distinguishing cp and  2 when we have conducted a 
close analysis of the surface temperature time series. 
It was frequently observed that a quick increase (or 
drop) in the surface temperature was caused by a 
sudden increase (drop) of the downward longwave 
radiation. Moving clouds caused such  phenomena, 
and the surface temperature response may be 
controlled by the vertical distribution of cp,  A, and a
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ground temperature profile. Measurements at 
adequate intervals will be helpful in estimating these 
parameters separately and in obtaining the 
temperature profile. 
3) Estimation results and discussion 
Figure 4.3-3 shows the estimated  cp2. The 
horizontal axis shows the nadir angle of the infrared 
thermometer. The  cpA, for the forest of the Meiji 
shrine is also shown. The estimation error range due 
to the observation error of  L  sky and surface 
temperature time series  (T8) were 10  Wm-2 and 0.6 K, 
respectively, and total cpA error would be  1.0 X 106 
 j2s.  1K-2m-4. In this case, too, the estimated cpA was 
about twice as large as that in previous reports (Tab. 
4.3-1). In Fig. 4.3-3, the estimated cpA seems to have 
some sensor nadir angle dependency. There is a 
slight decrease according to the nadir angle increase. 
This may be caused by the cooling rate difference 
between roofs and walls. Their ratio in the sensor 
field of view would vary according to the sensor 
nadir angle. This might also explain the large cpA.
 6x10'
 4,106
 2x  106
 0
 o  Urban area 
• Forest
 0
  70  75 80 85 
               Sensor Nadir Angle  [deg] 
Fig. 4.3-3 Estimated cpA as a function of the sensor 
nadir angle. Closed and open circle are forest of 
Meiji shrine and urban area respectively. The error 
bar represents standard deviation. 
These findings raise the question whether 
anthropogenic heat could be a reason for the larger 
cpA. It is possible that the cpA estimated in this study 
included the effect of anthropogenic heat release. 
However, only the total amount (area total and 
monthly total) of anthropogenic heat was available 
under the conditions of the experiment. Generally
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speaking, investigation is underway regarding 
anthropogenic heat release; when, where, and how 
(as sensible heat or latent heat) it is exhausted. 
Accordingly, it is impossible here to discuss 
anthropogenic heat quantitatively, and subsequent 
investigations about canyon structure may contribute 
to quantitative estimation of anthropogenic heat 
inversely. Only two points are subjected to 
qualitative discussion here. 1) Air-conditioning in 
summer keeps rooms cooler than the outside air. If 
this has any effect on the outside surface of buildings, 
it would cause smaller  cp.1, (more cooling). 
Therefore, air-conditioning is not the reason for the 
larger  cp.1.. The warm air exhaust from the 
air-conditioning facilities would not have a direct 
effect on the building surface temperature and 
estimated  cp.i. 2) If the air-conditioning facilities are 
running even at nighttime and keeping their 
respective external surfaces warm, the area-averaged 
urban surface temperature would show a slow 
decrease, which would give rise to larger  cpt. 
4) Validation for black body assumption 
We validated the surface  emissivity assumption 
 (e = 1). The surface temperature was 
emissivity-corrected with the assumed emissivity 
 (6 = 0,87). s and incident longwave radiation were 
set as constant for any surface. The  cpA, was 
estimated from the emissivity-corrected surface 
temperature and compared to that from the 
uncorrected surface temperature. There was only 
0.8% difference in  cp.1 between them. Therefore the 
black body assumption  (6 =  1) was shown to be 
practical. The surface emissivity definitely had an 
effect on the surface temperature time series, but it 
was negligible in this estimation because the relative 
time series of the surface temperature was more 
important than its absolute temperature in  cpA. 
estimation. It is an advantage of this method that 
estimation accuracy is depend more on the relative 
time series than the absolute value.
4.3.4 Structure effect in an urban canyon 
It was seen in the preceding two different 
 estimations. that  cpA. on the city-scale urban surface 
was larger than that of the component materials. 
There are two possible explanations for this: 
anthropogenic heat release and canyon structure 
effect. In this section, we examine more carefully the 
canyon structure effect on the surface thermal 
property parameter. Quantitative discussions of the 
two  cpA. estimations will be provided here. 
1) Canyon structure analysis for continuous 
observation result 
The  cp2 of urban canopy composed of pure concrete 
surface were simulated for different canyon 
structures. The surface temperature was simulated 
and  cpA, was determined for each surface. First we 
will introduce a simple urban canopy model for 
nocturnal radiative cooling. Although this is the 
general model for urban canopy, more stress is 
required to explain the observation results shown in 
chapter 3. The urban surface was divided into the 
wall surface (inside canyon) and the roof surface 
(outside canyon). The street surface (canyon bottom) 
was included  "inside the canyon". The reason for 
this treatment was that infrared thermometer field of 
view (Fig.4.3-2) did not contain the area constituted 
by road. The nocturnal cooling of each surface was 
calculated with eqs.  (4.3-7),  (4.3-8), and (4.3-9). An 
incident longwave radiation was determined 
for the wall surface as follows: 
 =
„ 
                    + (1 — SVF,„„)ol„ ,„114 
                (4.3-9) 
 SVF„,,,ll is the sky view factor of the walls, and Lan is 
the wall surface temperature.  Tw„ii and  SVFwa11 were 
represented by the values at the center of the wall 
(Kobayashi and Takamura, 1994). Using Eq.(4.3-10), 
Eq.( 4.3-7) could be rewritten as 
 SVF„,,„ —  6T„,,n4 — G = 0 
                (4.3-10)
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A time series of the surface temperatures of the walls 
and roofs was calculated. Boundary and initial 
conditions were the same as those in the previous 
estimation in section, and  LA), was set as a constant 
(420  Wm-2). The surface thermal property 
parameters were set as those of concrete: 
cp = 2X 106  Jm-3K-'s-1 and  .1=1.0  Wm-'K-1, after the 
values set out by the National Astronomical 
Observatory (1999). Figure 4.3-4 shows the 
simulated wall surface temperature  (T„,ll) for 
different  SVF,,,,n. The wall surface temperature was 
lower when the wall was more exposed to the sky. 
The  figure also shows the surface temperature that 
could be measured by infrared thermometer,  Tse„,. 
 Zen, is defined as follows in considering the situation 
that the off-nadir infrared thermometer is set 
downward-facing the urban  canyon: 
 .yen,  4 = CrT wall4  + (1 —  Y  wall  )C177  roof  4 
 (4.3-11) 
 v„,.,11 is the wall view factor of the infrared 
 thermometer, which is defined as the fraction of 
radiant flux received at the sensor originated from 
walls. The results in Fig. 4.3-4 are easily understood. 
The radiometric surface temperature depended on 
the sensor's field of  view: what is the purview of the 
sensor.  Tsens were located between T roof and  T.11, 
depending on  q),:all.
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Fig. 4.3-4 Calculated nocturnal time series of surface 
temperature. For  walls, a parameter is the sky view
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factor of wall. For  T.„„„ the sky view factor of the 
wall was 0.4, and a parameter is wall view factor of 
sensor. 
From this calculated surface temperature time series , 
the  cpA, of urban canopy was estimated inversely in 
the manner outlined in previous section. The result is 
shown in Fig. 4.3-5, with a horizontal axis 
representing the sky view factor of wall, ST/Fan . 
Each line shows the different wall view factor of 
sensor  cowan.  cpyl shows an increase in accordance 
with  co„„aii . The surface inside the canyon has less 
nocturnal cooling; therefore  cpA, should be estimated 
to be larger when the sensor looks more directly 
inside the canyon surface.  It also increases when the 
sky view factor of wall decreases; i .e., when there is 
less nocturnal cooling on the wall . 
We shall now look again at a previous estimation 
result. For the target area of observation, the sky 
view factor of wall  (SVF,,,,n) and wall view factor of 
sensor  (go,,,n) were estimated from the building 
geometry data. For the target area, was 0.27 
and  cowall was 0.26. Therefore, from the calculation 
result, it can be said that the  cpA for the target area 
could be about 1.5 times larger than the surface 
component material. The  cpyl, observed, an average 
of 3.6X 106 J2S-IK-2m-4 (Fig. 4.3-3), was plotted in 
this figure. For the calculation shown as line in this 
 figure, the cp and A. of each wall and roof were 
assumed. However, in considering the  cp and A 
range of pure concrete (Tab. 4 .3-1), the  cpA 
observed was consistent with that simulated within 
the error  range. Therefore we may say that the reason 
for the large  cpA was an effect of the  stmcture .
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Fig. 4.3-5  col calculated from the simulated surface 
temperature (line), and that observed (open circle, 
average of all sensor nadir angle data) with error bar 
of observation. 
The canyon structure effect on the  cpA in complex 
terrain bears further  discussion. This effect can be 
explained by the fact that more surface area exists in 
a horizontal unit area;  i.e., the total surface area is 
increased by its three dimensional structure. 
Therefore, the structure effect on  cpA. can be 
construed as a correction of the surface  area's 
increase. Moving  forward from this study's basic 
concept, we included the structure effect in the heat 
budget parameter. If there is twice as much surface 
area on a horizontal flat surface, and the surfaces do 
not have any interaction, the heat storage (ground 
heat flux) on the horizontal unit area will be twice as 
large as that of the flat surface. In reality, canyon 
structure causes an interaction between surfaces, and 
raise those fluxes to larger than twofold. Therefore, 
an important point is that the resulting  cpA is valid 
for the daytime heating process by solar radiation as 
well as for the nocturnal radiative cooling. The 
larger surface area should store more heat as an area 
total. 
2) Thermal property parameter (cpA with LRF 
equivalent surface temperature 
To validate the previous estimation result, cpA for 
LRF effective surface was simulated. The 
application use of  cpA in a numerical model or 
surface heat budget analysis will also be considered. 
The application models designed and investigated in
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this paper were ones that do not treat the urban 
canyon structure explicitly. 
The methodology used was the same as that in the 
previous section. The street surface, however, was 
explicitly distinguished from the walls. For the street 
(canyon bottom) surface, 
 Lin,street  SVF  ,street  sky  (1  STFstreet)°-Twa114 
      and (4.3-12)
 Srfstreet  Lsky +  SVFstreet)o-T,,'a;  OTstreet4 G = 
                      (4.3-13) 
Here, the LRF equivalent surface temperature  Tipp-
would be expressed as 
44 aTLRFArarrocv-f-(1-4w0-Twa: +(1-0 w)GrTst„et) 
                      (4.3-14) 
where  Ar is the fraction of roof area in the target 
urban area.  co' is the wall view factor of airborne 
pyrgeometer.  Ar and  co.'„ can be estimated from urban 
planning data.  co.'„,. is parameterized using the aspect 
ratio of urban  canyon,  zh/W (Johnson and Watson, 
1984),
 (0'  0.5(1— cosj3)                             (4.3-16) 
      fi = tan_, (2z17) 
                        (4.3-17) 
where 2h is the building height and W is the street 
width. The simulation was conducted in the same 
manner as that in the previous section; i.e., the 
nocturnal time series of surface temperature was 
calculated and  cpA was inversely estimated from that 
calculated temperature. 
The simulation results are shown in Fig. 4.3-6. There 
was an increase in  cp.1 according to the  zhlW increase 
and roof area ratio decrease. If there is more roof 
area, the urban surface acts more like a flat surface 
and cpA is closer to that of the component material, 
This figure will help us to determine the city-scale
4.3 Thermal nrone arameter of surface
cp2. If we assume the component material  cp2 for 
example, for an area comprised of concrete, asphalt, 
and any other material, we can determine the 
city-scale  cp2 with the building  geometry 
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Fig. 4.3-6 Estimated  cpA, for the RF effective  surface. 
Horizontal axis is the aspect ratio of  urban canyon: 
building height  zh and street width W. A parameter is 
the roof area ratio  A.
with bare soil street was simulated. The cp2 of roofs 
and walls were set to the concrete material. Figure 
4.3-7b represents the case that the streets were bare 
soil  (cpil=6X 106  J2s-11(-2m-4 ). These values were 
about  1.5 times larger than those for the concrete 
urban canyon. For the light industrial area, wet soil 
condition could explain well the observed  cpil. On 
the other hand, for the highly urbanized area, there 
still exists considerable difference between the 
observation and the calculation.
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Figure 4.3-7a shows a comparison of the simulation 
and the observation results by LRF equivalent 
surface temperature in section  4.3.2. Although it 
shows differences between the  results, it indicates 
also that the main factor for larger  cp.i, is the 
structure effect. There can be several explanations 
for the difference. First, an explanation is the green 
area and open soil surface, Observed  cp), also 
showed the large difference in comparison with 
values from the continuous observation in  Tokyo, 
where no such area was included in the sensor field 
of view. According to the land-use data, parks and 
large bare soil surface occupied 10% of the target 
area. Actually, small gardens should also be  counted , 
adding to this percentage. There was a total of 12.5 
mm of rainfall during the 3 days before the 
observation. For wet soil surface, the cp2 was 
reported as  5-6 X 106  J2s-11C2m4 (Kondo, 1994). 
Therefore, it is likely that the soil surface at the time 
of observation may have been in a partially the wet 
condition, which might contribute to a larger cp2. To 
evaluate this wet soil  condition. the urban canopy
„  107
 •-•
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 B
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 C4,0.32)
 Wet  sod street  case 
 —  A  
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Fig. 4.3-7 Comparison between the calculated and 
observed  cp.1 for RF effective surface . a) 
Calculations are concrete urban canyon condition , 
and b) wet soil street condition . Horizontal error bar 
is standard deviation of target area . Vertical one is 
observation error range. 
Second possible reason would be anthropogenic heat 
release.  Unfortunately, we  cannot thoroughly 
discuss the anthropogenic heat release due to 
 insufficient data. As one trial, the seasonal average 
in Uno (1988) was applied to the  cp.% estimation . 
Uno (1988) used the statistical data of energy 
consumption to evaluate the anthropogenic heat into
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atmosphere. He showed the year total heat release on 
each 1  rn2 mesh. In the present study, we 
recalculated it into the heat flux (unit  Wm-2) on area 
of the present observation. For the highly urbanized 
area, the anthropogenic heat might be 30  Wm-2, for 
the light industrial area, 9  Wrn-2. Moreover 
according to  Ichinose  (1995), The diurnal variation 
of anthropogenic heat should be about 100% in 
winter. Therefore the variation range 100% is 
included into the anthropogenic heat in the present 
study. Figure 4.3-8 shows the resulting  cpA. The 
influence of anthropogenic heat was corrected by 
adding the anthropogenic heat to the downward 
longwave radiation flux. They agree well with the 
simulated  cpA, shown by line. We must pay attention 
that the anthropogenic heat used was  year-averaged 
value, however the simulation methodology would 
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observed were used with a surface heat budget 
model. The horizontal scale was set at a few 
kilometers in order to include the city-scale heat 
budget analysis and the meso-scale numerical 
models. To avoid the anisotropy of  radiometric 
temperature, TLRF was used for the  cpi estimation. 
TLRF was defined as the surface temperature 
equivalent to the upward longwave radiation flux. 
The estimation results demonstrated a  cpri, two to 
four times larger than that of the surface component 
material. The simulation using the urban canyon 
model and more accurate observation indicated that 
this was mainly due to the urban canyon structure. 
The heat budget parameter was corrected for the 
total surface area increase on a complex terrain. It 
was also shown that the extent of increase was 
determined by the canyon structure parameters; ratio 
of building height/street width, and building roof 
area ratio. 
The thermal  property of the urban surface has been 
set to be the same as its component material in many 
works regarding the urban heat island phenomenon. 
This study demonstrated that  cp:i should be a few 
times larger than that of the component material in a 





Fig. 4.3-8 Comparison between the calculated and 
observed  cpA, for RF effective surface. The 
observation was corrected for the influence of the 
anthropogenic heat. The anthropogenic heat 
assumed are 20,  30Wrri2 for the highly urbanized 
area, and 0,  10Wm-2 for the light industrial  area. 
these cases are shown as open circles. Calculation is 
concrete urban canyon condition for the highly 
urbanized area and wet soil street condition for the 
light industrial area. 
4.3.5 Conclusion 
The parameter for ground heat flux, the product of 
the heat capacity (cp), and the thermal conductivity 
(2) on a heterogeneous urban complex terrain was 
estimated. The nocturnal radiative cooling data
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Appendix 
AP 4.3.6 Effect of surface increase on canopy 
 cpyl, 
Increase of cp2 shown in this section is due to two 
factors; 1) surface increase by  3D  structure, 2) 
canyon  structure. In this appendix, we calculate 
surface increase and discuss its effect on canopy 
 cpt. 
Given an ideal canopy with block shape buildings of 
same size, size of wall surface  is, 
   S „,11 = 4z V_   )2 1,2 
 W ,  (AP  4.3.6-1) 
L2 is the size of lot area. The surface increase by 3D 
 structure is written as  follows, 
 S  total  (S  lot  ±Swall)  
 Slot S lot 
     = 1 + S 
 S  toted 
     = 1 + 4Z1' (1 \I A,. )2 
         W  .  (AP  4.3.6-2) 
When we consider only the effect of surface  increase, 
 cio.1 of urban canopy is 
 S  total) 
    C10/1Sj = material                     S`-1.-"'
lot                          . (AP  4.3.6-3) 
Figure AP  4.3-9 shows comparison between  c  pAsi 
and simulated  cp.1 shown in Fig. 4.3-6  (co  v  Acanopy)  • 
Both axes and parameter for each line are same as 
that in Fig.  4.3-6. This figure indicates that the 
canopy  cp2 simulated exceeds the effect of surface 
increase in higher or crowded canopy. This is 
because surface of walls and streets do not exchange 
heat with atmosphere overlaying the canopy, and 
inactive heat exchange acts as heat inertia.
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Fig. AP 4.3-9 Ratio of simulationo                               (c,2..1,0 to
calculation of surface increase  (S,• 
 Sr=StatilSiot. Abscissa is aspect ratio of urban canyon. 
Parameter for each line is roof area ratio (Ar).
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4.4 Estimation method of the heat budget 
parameter using urban structure data 
To determine the heat budget over urban areas of one 
kilometer scale, heat budget parameters were 
determined and their relationship to the urban 
canopy structure was clarified. These analyses are 
based on airborne observations and long-term 
observations in Sapporo and Tokyo. We propose a 
general method to estimate the heat budget 
parameters of an urban  stnicture. The data on urban 
 structure for this method can be obtained from a city 
planning. Here, the estimation method that was used 
in the previous section is summarized. Also 
described are the aerodynamic roughness, the 
zero-place displacement, and the surface  emissivity, 
which are also used as heat budget parameters. 
Heat budget parameters of a structure in an urban 
area depends on both the  stnicturecs shape and its 
material properties. Because it affects all of the 
parameters, we focus on structural shape. 
Conversely, the material properties do not seems to 
affect roughness and zero-plane displacement but 
instead affect the albedo, the emissivity, and the 
thermal property parameter. These material 
properties are also described below. 
A) Geometric shape of an urban canopy 
We use the aspect ratio  of  the urban  canyon  zh/W, the 
building height over the street  width, and the roof 
area ratio  A, which is the ratio of roof area to the lot 
area (and hence is always less than one). We also 
used the sky view factor from the  street, which is 
calculated from  zw`W as shown in Fig. 4.4-1. The 
heat budget parameter was expressed as a function of 
these two structure parameters.
sky view factor (at street center) 
 =cos  {tan-1(2zni 
roof area ratio 







Fig. 4.4-1 Urban canopy structure used in estimates 
of the heat budget. 
B) Albedo 
The spectral upward radiation was measured during 
helicopter flights over Sapporo and Tokyo . From 
this data, the surface spectral reflectance SA was 
obtained by solving the radiation transfer between 
the flight level and the ground surface . Then the 
albedo was determined as 
 a=  ict,tS  A  liS  dA, . (4.4-1) 
The obtained albedo showed a good correlation to 
the canopy structure. We propose a fitting equation 
by the sky view factor as follows. However, two 
cases were considered according the existence of 
vegetation. 
For areas with vegetation, the valid range of sky 
view factor is 0.35 <  yr < 0.9. In this range , the 
albedo is  fit to 
  a  =  a4v4  +a3  i'3  +  a2t/i2  +  +  a,„ (4.4-2) 
 ao  =  —0.246  ,  a,  =  2.643  , 
    = —6.776 ,  a; = 7.504  , 
 a  4  =  —2.959  .
For urban areas with no vegetation, the valid range is
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 0.35 <  v< 0.7. In this range, the albedo is 
 a  =  a4V4  a3V3  a21//2  +ao,
 ao = 0.295 = —1.636
  =  5 .867 , =  —9.131  ,
 a,  =  5,245  .
fit to
(4.4-2)
Since these formulas were obtained by regression of 
measured value in Sapporo, they include the material 
distribution in city implicitly.
Albedo depends on solar altitude, solar azimuth 
angle, and the orientations (positions and roof 
shapes) of the buildings. However, the numerical 
simulations of Kondo et  al. (2001) showed that 
influence of solar azimuth angle would be  0.01-0.03 
in albedo.  Moreover, when the solar altitude is  low, 
there is less solar flux to the  surface: hence, 
variations in albedo have relatively little affect on 
the heat budget at low solar  altitudes. Hence, we 
neglect variations of solar angle. In this chapter, the 
albedo will be determined using equations 4.4-2. 



















property parameter of the
The thermal property parameter was calculated 
using the canopy model applied to nocturnal 
radiative cooling. The resulting thermal property 
parameter represents that of the canopy surface 
including the building body, but does not represent 
the air mass between the buildings. More details are 
in Section  4.3. The surface heat budget for radiative 
cooling is
d'og =  G  +  so-T ,4
 (4.4-3)
where the ground heat flux G (under surface heat 
flux) is determined by one-dimensional heat transfer 
at positions z undersurface:
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Fig. 4.4-2 Albedo of urban canopy as a function of 
the sky view factor.
 C  I)  aZ  2  (4.4-5)
Assuming that  c is known, the only free parameter of 
these equations is  cp.i.  cp2 can be determined from a 
time series of the surface temperature. The following 
describes how  cpil was estimated. Equations 4.4-4 
and 4.4-5 were applied to all surfaces such that z is 
the coordinate normal to each surface. Then, the 
equations were solved under the boundary condition 
of  Tg  = constant at z = 50 cm. The initial conditions 
undersurface at the time of sunset assumed a linear 
temperature profile between the surface and z = 50 
cm. For the surface  temperatures, TLRF was used, 
which is the weighted average temperature on roofs, 
 walls_ and streets.
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   o- .TLR4F =  A  „a-T  r.o4 + 
         — Ar  Xvicr + — 
 (4.4-6) 
Ar is the roof area ratio, and  yr is the sky view factor. 
The temperature of each surface was calculated with 
the assumed cp2, the one-dimensional heat transfer 
equations (4.4-4, 4.4-5), and the surface heat budget. 
                = G roof +  so-Tr„f4 
                     (roof surface) (4.4-7) 
 vLsky +(1—  tif)o-T,44„.,„ =  G  street  +  SaTstreet 
                   (street surface) (4.4-8) 
    T44  WskyLsky  +Cosi9,k1-4wall = G + Galwall 
                   (wall surface), (4.4-9) 
where  COsk), is the sky view factor of walls. The 
incident longwave radiation flux into the walls that 
originated from the streets is approximated as  o-Twc,274 
assuming T.„"e, Twall >> T,k,                             .  Here;  v, (QAT;  4.,
 cp) depend on the building-street geometry so that 
the surface temperature  TLRF depends on the 
geometry. cp2 obtained by this method agreed well 
with observations. Some calculations were done for 
various  zh/W and  A,. with  cp2 of  roofs ; walls, and 
streets assumed to be 2X 106  J2s-11C'n14, the typical 
value for concrete. As a result the following 
regression formulas are proposed. 
 cp2=  ylco2  +2/29  +73  ,  (4.4-10) 
 71  —  7111r(4.)+  712  ,  (4.4-11) 
 72  —  Y2111,4-  +17324i2:  +724A, +125  , 
                                (4.4-12)
    = 73144:± 732 A r3733 A r2  r34  Ar  +  Y35 • 
                                (4.4-13)
Coefficients  yu for a concrete material canopy are 
listed in Tab 4.4-1. The coefficients for other canopy 
types with various materials can be determined by 
setting  cp2 of each surface in Eqs. 4.4-7 to 4.4-9.
Tab. 4.4-1
 
. The coefficients in  Eqs.4.4-11 to  4.4-13. These apply to concrete material canyon.
Y;  J=1  j-2  J=3  j=4  .1=5
 i---,1  -1.0X106  9.61X10' 
1=2  -5.46X  108  7.13X  108 
1=3  2.13X  108 -2.78X 108
-3 .36X  108  6.44X  107 
 1.29X 108 -2.44X  107
 1.48X 106 
3.31X 106
100
4.4 Estimation method of the heat budget arameter using urban structure data
 1.2x1




 4.0x1  01




I  I  I  , 
0 0.4 0.8  1.2 1.6 2
Fig.  4.4-1  cp.i,  of  an  ur ban canopy as a function of the sky view factor .
D) Aerodynamic roughness length and the 
zero-plane displacement 
Many studies have proposed methods to estimate the 
aerodynamic roughness and the zero-plane 
displacement for a canopy structure and various 
land-covers. Here, we use the method of Macdonald 
et al. (1998), which was verified by Grimmond and 
Oke (1999). This method is the theoretical extension 
of the empirical formula in Lettau (1969). These 
studies are now briefly reviewed. Kutzbach (1961) 
conducted a field experiment in which he arranged 
hundreds of baskets on a frozen lake. Based on the 
 results, Lettau (1969) determined the following 
formula for the roughness length  zo.
 zo = 0.5z,A, (4.4-14) 
                                               "' 
where  zh is the height of the rough  body ,  Af is the 
wind attack area, and Ad is the lot area for each 
rough body. Lettau (1969) showed that this equation 
agreed with the observed  zo over a desert region and 
a grassy region. Macdonald et  al. (1998) derived the 
formula of Lettau (1969) by considering the 
momentum transfer and the drag force by each rough 
body and the logarithmic profile of wind speed .
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Furthermore, by considering the zero-plane 
displacement  (zd) and the rough  body  configuration , 
they proposed the following formula:
 ( ( -      C A 
—1zn= 1--zd exp–0 .5/34(– zdzh )---/ 
 Z  h Z    h)k--Ad 
-
 -0 .5 
-  J
(4.4-15)
 '1z=1+ A-10.-1) , and A =A.  (4.4-16) 
 Zh Ad
Here,  Ap is the total area of the rough body, and  A. is 
the ratio of roughness area to lot area. Assuming that 
buildings are the rough bodies,  2 in Eq. 4.4-16 
correspond to  A,. A in Eq.  4.4-15 is a parameter that 
represents the nonlinearity of  zd to  A, and  /3 
represents the dependence on CD on the 
turbulent-flow conditions and the shape of the rough 
body. 
Macdonald et al. (1998) argued that A  = 3 .59 and 
  = 1 for a rectangular configuration, whereas 
A = 4.43 and  fl =  0.55 for a staggered configuration. 
 Grimmond and Oke (1999) used the coefficients for
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a rectangular configuration to compare Eq. 4.4-15 
with observed  zo and  zd.  They argued that this 
configuration is the most suitable for application 
because it agreed well with observations and it uses 
simple input parameters. Figure 4.4-4 has  zd/zh and 
 zo/zh from Eqs. 4.4-15 and 4.4-16 with the 
coefficients for a staggered configuration.
   1 
 0.8
   0.6 
   0.4 
   0.2 
    0
  
'  I 'I'!'I' 
,  
)  zh/W  =  0.5  ) „..,---- 
                                                    „,..-
0.2 0.4 0.6  0.8 
    roof area ratio
method of Macdonald et al. (1998), and the 
atmospheric stability profile functions were used. To 
better understand the results, 
       0-1 = ln( , (4.4-17) 
was analyzed for its relationship to the canopy 
 structure in the flux source area. The dependence of 
 k13-1 to the structure agreed qualitatively with 
experiments using a wind tunnel. Based on the 
physical meaning of the sky view factor, in which 
 kir' approaches that of the flat surface in  1//  —> 1 , 
the following regression formula with the sky view 
factor is proposed: 
 kB-1 =  7  .0(co  —1)2  +  4.6 (4.4-18) 
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Fig. 4.4-4. zd/zh and  zc/zh for the staggered 
configuration as a function of the roof area ratio. 
E) Roughness length for the air temperature 
Over an urban canopy, we used the  eddy correlation 
method to make continuous measurements of the 
sensible heat flux. We measured simultaneously the 
radiometric temperature of a canopy surface. For a 
total time of one month, we calculated the roughness 
length for the air temperature  zT at 30  min intervals. 
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Fig. 4.4-5.  kB1 as a  fiinction of the sky view factor. 
F) Surface emissivity 
Following  Arnfield (1982), the effective emissivity 
of 0.95 for an urban canopy was used. This value 
included effects from multiple reflections in a 
canopy. In his calculation, the emissivity of each 
component surface had the correct values for surface 
materials in a city. He noted that the canopy 
emissivity would vary from 0.94 to 0.96 depending 
on the land-cover and the canopy structure. 
Variations by this amount should not cause 
significant errors in heat budget according to the
4.4 Estimation meth od of the heat budget arameter usm urban structure data
following analysis. The emissivity affects the net 
longwave flux as 
 L„f  disky—  s6Ts4  .  (4.  4-19) 
Putting in the typical value for a clear summer day of 
 Lsky 300  Wm-2 and  7-", = 30 degrees C., the 
changes by  3.5  Wm-2 between the cases of  e= 0.94 
 and  s  =  0.96.
103
4.4 Estimation metho d of the heat budaet arameter urban structure data
References 
 Arnfield, A. J., 1982: An approach to the estimation 
of the surface radiative  properties and radiation 
budgets of cities, Physical  Geography, 3, 97-122. 
 Grimmond, C. S. B. and T. R. Oke, 1999: 
Aerodynamic properties of urban areas derived from 
analysis of surface form, I.  Appl. Meteorol.,  38, 
1262-1292. 
Kondo,  A., M. Ueno, A. Kaga, and K.  Yamaguchi, 
2001: The influence of urban canopy configuration 
on urban albedo, Bound. —Layer  Meteorol., 100, 
225-252. 
 Kutzbach, J., 1961: Investigations of the 
modification of wind profiles by artificially 
controlled surface roughness. Studies of the three 
dimensional structure of the planetary boundary 
layer, Annual Rept. 1961, Dept. of Meteorology, 
University of Wisconsin, Madison, 71-113. 
Lettau, H., 1969: Note on aerodynamic 
roughness-parameter estimation on the basic of 
roughness-element description, I. Appl. Meteorol.,  8, 
828-832. 
Macdonald, R. R., R. F. Griffiths, and D. J. Hall, 
1998: An improved method for estimation of surface 




5. Urban surface heat budget and canopy 
structure 
In the previous chapter, heat budget parameters were 
calculated at the surface, which helps determine the 
heat budget in urban areas. In this  chapter, this heat 
budget calculation was validated, and the heat 
budget was analyzed on the actual urban canopies. 
The areas analyzed for the validation included a 
roughly 80 km2 area in central Tokyo, and a 50 km2 
area near Sapporo. Cleugh and Grimmond (2001) 
observed the heat budget over a large area including 
a city. Our study is valuable as it measures the 
area-averaged heat budget in an urban area  only. 
In this  study, airborne measurements of sensible heat 
and water vapor flux over urban areas validated the 
parameter calculations. Aircraft observations of the 
atmospheric boundary layer heat budget were  made, 
and the surface heat fluxes were determined. A 
common method to determine the surface flux is to 
make direct measurement of turbulence.  However, 
our aircraft was restricted to a minimum height of 
610  m, which is too high for turbulence 
measurements. In addition, technical problems with 
the turbulent measurement devices on the aircraft 
necessitated using the budget method. 
After validating the heat budget evaluated by using 
 parameters, we are now able to evaluate the urban 
canopy heat budget from the routine meteorological 
data. Surface heat budget parameters were 
determined from canopy structure information. We 
discuss the canopy structure effect on the heat island 
through a heat budget analysis. The heat budget was 
analyzed for 41 cities in eastern Japan. 
The structure of this chapter is as follows. First, the 
method for evaluating the surface heat budget is 
described. Surface parameters are determined using 
procedures shown in Chapter 4. Then, the method 
for observing heat and water vapor flux is  outlined, 
and results are shown. Flux observations and 
calculations using surface parameters are contrasted. 
Finally, the urban canopy heat budget for 41 cities in
Urban surface heat budget and  canonv structure
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eastern  Japan is determined. The effect of canopy 
structure on the heat budget and the intensity of the 
heat island are discussed. 
5.1 Calculating the surface heat budget 
The surface heat budget is evaluated using heat 
budget parameters and a modification of the method 
in Matsushima and Kondo (1995). The surface heat 
is budget written as 
 (1 — a)S + sL,.,,„ = H + lE + G + eo-T4                               s  (5.1-1) 
Symbols are defined at end of this chapter. The 
sensible heat flux H and latent heat flux  lE can be 
parameterized as: 
            U TT        H  =Cpp ,  (5.1-2) 
 1M  r  H
       lE = 1 p „u (q.(Ts)—qa). (5.1-3) 
The  rm,  rH, and rE are the transfer resistance for 
 momentum, sensible heat flux, and water vapor, 
respectively.  They are 
 r kSr IV! dZ 
                               (5.1-4)
 rif  =  d 
 Z
and (5.1-5)
           -=j-rdz 
               kzq                                (5
.1-6) 
The following universal function in Kondo (1994), 
Dyer and Hicks (1970), and Kader and Yaglom 
(1990) was applied to Eqs. 5.1-4 to 5.1-6. 
 Om =  (1-164-)-1'4  (— 1  0)                                (5.1-7) 
 OH  =  0-160-112  (-1  -C    0)                                 (5.1-8)
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 0i).1 =  1+
 7C  +  704'3
 1  +  34"  +  104-3  <
(5.1-9)
 =  1+ 74"  +  44-2 
 1+  0  0175C  +  0.0054'2  (()  <  C) and 
                (5.1-10) 
     0.33 +  0.057(--  4)U  78  
 ff  =  0.33  +  417'  (-20  <  <-0.01) 
 (5.1-11) 
The stability parameter is 
            = 
              L(5 .1-12)
             —  7'  
      L 
        kg            H
 T  C (5
.1-13) 
The universal function of heat  Off replaces that of 
water vapor  O. The underground temperature is 
approximated using a cyclic function for the 
parameterization of ground heat flux G, following 
Kondo  (1992), 
  G =  E  G,  cos(i  cot  —  01  +  it/4) 
                         , (5.144)
 G,  T„  Vico  cp2                         . (5.1-15) 
Derivation details are shown in the appendix.  co is 
the Earth's angular velocity (7.27X  10-5  s-1).  01 is the 
phase lag, and  Tsi s the i-th component of the diurnal 
surface temperature variation. Up to 20 diurnal 
components were considered. These 
parameterizations transform Eq. 5.1-1 into a 
equation for surface temperature. The calculation of 
Eq. 5.1-1 requires iteration for the atmospheric 
stability. Figure 5.1-1 shows the flow chart used to 
solve the heat budget.
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Flow chart of heat budget solver
         input data 
atmospheric condition  (S,  L  rad  Ta  U,  q  a  Pa) at each time 
parameter  (a,  c  ,  z  r,  zQ,  e) as a daily mean
 heat  budget calculation (neutral condition) for  initialization 
 by linear heat budget model (Kondo, 1992)
out: H,  1E,  G,
each time ste
heat budget calculation (variable stability)
 calc. Stability length L
out: L
heat budget  catclation 
     find  Ts
out: H,  lE,  Ts
     convergence? 
compare resulted  Ts with 
 Ts at previous step
out: H,  1E  Ts, L
 no
       convergence? 
compare resulted  T, with  Ts at 
       previous step
 3 yes 
next time step
       convergence? 
compare resulted time series of 
 T, with that of previous step
yes
 no
end of flow,  output
in:  Ts
 ground heat flux calculation 
solve underground heat transfer 
   with  Periodinc function
out: G
Fig. 5.1-1 Flowchart of the surface heat budget calculation.
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The calculation requires as input the diurnal 
variation in solar radiation, air temperature, wind 
speed, and water vapor, and also  the heat budget 
parameters: a,  )6, cp2,  zo,  zT, and  zq. Outputs are the 
diurnal variation in the heat flux and the surface 
temperature. The computational stability of a 
differential equation that is a function of time 
generally depends on the calculation time step. Here, 
the periodic nature of the ground heat flux allowed 
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5.2 Heat budget of the urban canopy (Tokyo) 
5.2.1 Measuring the sensible heat flux 
The observed heat budget of the atmospheric 
boundary layer determined the surface heat flux. 
Airborne observation data collected over Tokyo on 
March 12 and 13, 1996 were  analyzed. Air 
temperature, water vapor, and the radiometric 
temperature of the earth surface were measured from 
a helicopter at altitudes of 610 and 750 m. Pilot 
balloons simultaneously measured the wind profile 
at four points over Tokyo. Figure 5.2-1 shows the 
 analysis area, the flight path of the helicopter, and 
the wind profile measurement points. Figure 5.2-2 
shows the solar radiation and wind speed measured 
on a building roof In the rest of this section, the 
analysis for March 13 is described.
.35.14
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Fig. 5.2-1 Analysis area. Lines A, B, C, and D 
indicate flight paths, and numbers 1-4 show pilot 
balloon observation points. Numbers 5 and 6 
correspond to the Tokyo Tower and the Tokyo 
District Meteorological Observatories, respectively .
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5.2-2 Time series of global solar radiation (A), 
wind speed (B) on March 12 and 13, 1996. 
methodology used to evaluate the atmospheric
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boundary layer heat budget is as follows. The heat 
budget can be expressed as, 
 OH-advection  H  top +  H±Qcondensation  °  radiation 
                (5.2-1) 
 OH-advection is the net horizontal advective flux, and 
 I-1,0p is the vertical flux at the top of the boundary 
layer. H' is the surface sensible heat flux.  Qconclensation 
is the latent heat of condensation, and  Q  - radiation is the 
net radiation flux. H' is determined as a residual. 
Since there were no clouds in the layer, 0.4                                                                  ,,con.ensation 
was assumed to be zero. A simple mixed  layer model 
was assumed. The vertical flux  litop was determined 
using the entrainment factor  Ae. 
 Htop =  —  AeHi (5.2-2)
 Ae was set to  0.1, in agreement with values noted  by 
Stull (1988), because the mixed-layer convection in 
these late-winter observations was not intense. The 
morning mixed layer depth  z1op was estimated from 
the potential temperature profile at Tateno, an upper 
air observation station 50 km from the target area. 
Surface observations showed no significant weather 
variability between the target area and Tateno. 
During the day, there were no upper air observations 
at Tateno. Thus,  zwp was determined from the pilot 
balloon wind profile at site 3. The mixed layer top 
was set to the height of the steep positive wind speed 
gradient, because turbulence makes the mixed layer 
wind field homogeneous  (Stull, 1988). 
Pilot balloon data at the time of helicopter 
observations (8:00 and 13:30) revealed a stable wind 
field in the analysis area, with a wind direction 
nearly perpendicular to the flight path. The standard 
deviation of the air temperature from A to B was 
0.12 to 0.15  °C. Therefore, the atmospheric 
boundary layer was treated as two-dimensional in
 the direction of the wind. 
 The horizontal advection flux  OH-advection was 




 His the along-wind temperature difference between 
 courses A and B. U is the average wind speed in the 
 analysis area; observations at site 3 were used.  Sx is 
 the horizontal distance between courses A and B. T 
 was measured with the same sensor, so that precise 
 estimation of  bi was possible. It took about 30 
 minutes for the air parcel to traverse the target area 
 based on observed wind speeds. Surface air 
 temperatures did not change suddenly and the 
 horizontal advection was stable during this period. 
 The radiative heating  ()radiation includes longwave 
 and shortwave parts. The shortwave part should be 
 less than 1.0  Wm"' according to Liou (Fig. 3.7, 1980), 
 and can be ignored in our study. The longwave part 
 was estimated from the radiation chart in Yamamoto 
 (1952). The sensible heat flux was estimated as the 
 residual of Eq. 5.2-1. Uncertainties in the estimates 
 of  ztop and  0  radiation  , and observational errors in U and 
 67' combined to produce a heat budget analysis error 
 of 45  Win2 
                                                . 
 Table 5.2-1 shows results for March  13. In this case, 
 the net radiation flux is relatively small, and the 
 surface sensible heat flux almost balances the net 
 horizontal advection flux. 
 Tab. 5.2-1 Results of the atmospheric boundary 
 layer heat budget on March 13, 1996. The units are 
 Wm 
 eM1Wlefeee FS, eeee IV MO.N. •^•••••Wee.W.W.W7YIVel~e00.,Ve.ne^WWee .reer eI
Time  OH-advection  Qradiation H'
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5.2.2 Evaluation and validation of the surface 
heat budget 
The urban surface heat budget was  evaluated using 
the methods in Section 4.1, and compared to the 
observed sensible heat flux in the previous section. 
Tokyo city planning data for the analysis area 
determined a sky view factor of 0.47, a canyon 
aspect ratio of 0.94, a roof area ratio of 0.32, and an 
average building height of 8.9  m. These structure 
indices are  defined in Section 4.1. 
The heat budget parameter was determined in the 
following manner. Figure 4.4-2 showed that the 
albedo is  0.13 for narrower urban canyons where the 
sky view factor is less than 0.6. Since the average 
sky view factor in the analysis area was 0.47, an 
albedo  0.13 was used. The surface emissivity was 
assumed to be  0.95 based on results in Arnfield 
(1982). Emissivity is an important radiometric 
parameter; however, the heat budget is not as 
sensitive to the emissivity because the emissivity 
affects the net longwave radiation flux. Trial 
calculations showed that an emissivity change of 
.0.04 caused a surface temperature change in the 
calculated heat budget of only 0.4  °C. 
The thermal property of the urban surface  cpt was 
found using methods shown in Section  4.3. The 
urban component material was assigned a value 
2X 106 The value 4.2X 106  j2s-IK2m-4 
was computed for urban canopy  cp.l. The 
aerodynamic roughness  zo and the zero-plane 
displacement  zd were determined following 
Macdonald et al. (1998),  as  zo= 0.7 m and  zd= 5.2 m. 
The latent heat flux was assumed to be zero for two 
 reasons. First, the water vapor budget, which was 
analyzed with the heat budget, showed that the net 
horizontal vapor advection is less than the 
measurement error. Second, only 7% of the analysis 
area was covered with green parks or water surface.
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Furthermore, transpiration by plants should be small 
during this season of late winter. The roughness 
length for temperature  zT from Section 4.2 showed 
diurnal variation. Therefore, here  Zi is treated as an 
unknown that was determined as the calculated 
surface temperature agreed with observations. 
The air temperature and wind speed above the 
canopy layer were used in the surface heat budget 
calculation. They were measured on the tower at 103 
and 107 m AGL respectively. These heights would 
be above the urban roughness sub-layer, so the air 
temperature and the wind speed were similar to area 
averages. In the appendix, we show that the 
measured temperature at this height is the 
representative temperature in the canopy. Matsuda 
(1999) showed that the 107 m wind speed measured 
on the tower was not disturbed by the tower itself. 
Figure 5.2-3 shows the  .surface temperature 
calculated using these parameters. The observed 
surface temperatures  TLRF and  Tnadir are also shown. 
 T„„d, is a radiometric temperature measured 
downward from the helicopter using a narrow field 
of view sensor  (25° x 25°).  TLRF is used as an 
effective surface temperature for the urban canopy 
heat budget. The measuremnet error was 0.8 to 2.0 
degrees C. Figure 5.2-3 shows that TLRF is better than 
 T„adir for the heat budget analysis. That is, although 
 T„adir was less than the morning air temperature, 
solar radiation would cause an upward sensible heat 
flux. In this case of  Triadir, we must use a negative 
heat transfer coefficient as in Sun and Mahrt (1995). 
The calculated surface temperature agrees with the 
 Tnadir by adjusting  zT. The resultant  zr. is  1.4x10-4 m. 
Thus,  kB4 is 7.8, which is identical to Fig. 4.4-5 for a 
sky view factor of 4.7. 
Figure 5.2-4 shows calculated and observed heat 
fluxes. The latent heat flux is not shown. 
Radiometric temperature variability and parameter
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estimation error resulted in a flux calculation error of 
25  Wm-2. This is in good agreement with the 
estimation error. Therefore, the surface heat budget 
computation using surface parameters was 
confirmed to be correct. However, anthropogenic 
heat will affect the boundary layer heat budget. 
According to Ichinose (1997) and Ichinose et  al. 
 (1999), anthropogenic heat of 20 to 50  Wm-2 is 
discharged into the atmosphere in the analysis area. 
This estimate of anthropogenic heat is based on a 
statistical value of energy consumption, not on the 
exact value for the observation period, and the 
amount of heat is about the same as the error in the 
heat  budget. In spite of the uncertainty, the 
agreement in Fig. 5.2-4 cannot be overlooked. 
Figure 5.2-4 supports a well-known feature of the 
urban climate,  i.e., most net radiation is absorbed 
into the ground in the day. Stored heat is released to 
the atmosphere at night.
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Fig. 5.2-3 Diurnal variation in surface temperature. 
 Calculations (line) and observations (solid and open 
 circles) are shown. The observed radiometric 
 temperature, TLRF (see Chapter 2) and Tii,dir measured 
by the narrow field of view sensor are also shown.
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                       LST 
Fig. 5.2-4 Evaluated urban canopy heat budget. The 
solid triangle is the sensible heat flux estimated from 
the boundary layer heat budget. The estimation error 
is indicated by error bars (see text). 
Figures 5.2-5 and 5.2-6 show the surface 
temperature and heat flux, respectively, over 
suburban residential houses using computation 
techniques similar to Figs. 5.2-3 and  5.2-4. The area 
between B and C in Fig. 5.2-1 is analyzed. The 
observed radiometric temperatures  TLRF and  T  -  nadir are 
also shown. The parameters used are listed in Tab. 
5.2-2. The daytime sensible heat flux is greater than 
in the urban area  (Fig. 5.2-4), although the ground 
heat flux is less. This results in lower nighttime 
surface temperatures in suburban areas. The 
roughness parameters  (z0,  zT) and the thermal 
property parameter might explain the temperature 
difference. A smaller thermal property parameter in 
the suburban area results in a smaller heat flux into 
the ground compared to urban areas. The sensible 
heat flux coefficient, which is calculated from the 
roughness parameters in neutral stability  conditions, 
was 0.0034 for the urban area, and 0.0051 for the 
suburban one. This would cause a larger sensible 
heat flux in the suburban area. 
Table 5.2-3 shows the ratio of accumulated heat 
fluxes in the daytime  (R„er>0) and at night  (R,ier  <0),
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respectively. Cautions should be paid for the 
negative  Rnet in nighttime. Note that as described 
previously, the nighttime sensible heat flux is greater 
in urban than in suburban areas. 
Condensation processes are not considered in the 
these calculations. They would cause unrealistic 
negative nighttime surface temperatures  in Fig.  5.2-5 
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•  T  z„. 
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Fig.  5.2-5 Calculated (line) and observed (solid and 
open circles) diurnal variation of surface 
temperature on March 13, 1996 in the suburban area. 
                      Tab. 5.2-2 Parameters  used 0:00 6:00 12:00 18:00 0:00                         LST 
Fig. 5.2-6 Computed surface heat budget on March 
13, 1996, in the suburban area. 
In conclusion, measured flux vaidated the surface 
heat budget evaluation which used parameters 
shown in Chapter 4. The surface heat flux could be 
evaluated to within 45  Wm-2, the surface 
temperature to with in 0.8 to 2.0 degrees C.
    ramet rs  for heat budget computation
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5.3 The urban canopy heat budget (Sapporo) 
5.3.1 Measuring sensible heat flux and 
evaporation 
The surface heat flux was evaluated from the 
observed atmospheric boundary layer budget in 
Sapporo, using the same method as for Tokyo. 
However, a more sophisticated evaluation was 
possible because of better profile observations. The 
advection flux and the depth of the atmospheric 
boundary layer were more precisely determined. A 
traversing method evaluated the surface flux 
between two vertical profiles: one upwind and one 
downwind. This method has been used previously in 
Katayama et  al. (1989), Yoshikado (1990), and 
Lawrence et al. (1995). Fig.  5.3-1 is a schematic of 
the methodology. 
In a horizontally and vertically uniform wind  field, 
the surface heat flux H and the latent heat flux  lE can 
be expressed in terms of the vertical profiles of 
potential temperature  t9„(z) and water vapor  ci„(z), as 
 follows, 
       sz,„p,(z)(0,(z)-01(z)) dz (5.3-1) 
 H 
       z, p „(z)(q.,(z)-  q1(z)) dz (5.3-2)    Jo 
r(z) is the air density, U is the wind speed, and  Zop is 




        wind 
 p' 2 
 heat flux 
1
          s 
.• • 
• •  
• • '
Fig. 5.3-1 Schematic image of traverse method. 
Profile measurements were taken from an aircraft on 
August 3, 1996 under cloudy conditions; Air 
temperature and water vapor profiles extended from 
610 m to about 3 km AGL at two points shown in Fig. 
5.3-2. The horizontal distance between these points 
was 12 km. The topography between them is  nearly 
flat. The aircraft made one vertical profile 
measurement in 20  minutes, and the mean time lag 
between the two profile measurements was 34 
minutes. Such a short time lag made it possible to 
neglect the influence of radiation on heating and 
cooling of the atmosphere. 
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Fig. 5.3-2 Observation area. The two squares 
indicate the locations of the profile measurements.
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The cross is at the airport. The tower (star) and 
routine surface network (station No.) are also shown.
5.3.2 Wind field 
The traversing method assumes uniform motion. 
Wind speed and direction must be constant vertically 
and horizontally, especially along the mean wind 
direction. Surface wind data from the Sapporo 
Information Network  Co., Ltd. and upper-level wind 
data from the Sapporo District Meteorological 
Observatories were used for analysis. Figures 5.3-3 
and  5.3-4 show the horizontal and vertical wind 
fields, respectively. The upper wind data at 15:00 are 
missing. 
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Fig.  5.3-3 Spatial distribution of wind. The average 
at 15:00-16:00 LST on August  3,  1996. Squares 
indicate profile observation points.
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Fig. 5.3-4 Vertical distribution of wind measured by 
the Sapporo District Meteorological Observatories. 
Data were unavailable at  15:00. 
The surface wind was uniformly SSE, but the upper 
level winds were westerly. There is hill west of the 
analysis area, and land-cover there differs greatly 
from the analysis area. Variability in wind direction 
 may cause an error in computation of the advection 
flux. However, its magnitude is hard to estimate. A 
correction was not performed here. 
5.3.3 Validation for the steady state of air 
temperature and water vapor 
Strictly speaking, the traversing method should be 
applied to one air parcel. We must measure profiles 
of air temperature and humidity containing the same 
air parcel at different times. In the actual 
observations, however, the measurement time lag 
was about 34 minutes, and an air parcel passed 
between the observation points in about 28 minutes . 
Thus, we could not measure the same air parcel with 
the two profile measurements. For this reason, a 
change of the synoptic-scale atmospheric field 
(caused by, for example, large-scale subsidence or 
large-scale horizontal advection) affected the 
evaluation of the advection flux. To correct for the 
large-scale field, time variations of air temperature 
and water vapor were examined over a large area
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including the analysis area. Figure 5.3-5 shows 
observations using the surface data. Station locations 
are shown in Fig. 5.3-2. The air cooled gradually at 
all  sites The water vapor content was constant. This 
suggests that a correction for large-scale changes 
should be considered for air temperature, but may be 
unnecessary for water vapor. The large-scale 
temperature change, -0.4 °C, according to Fig.  5.3-5, 
was added to the windward profile at all levels. 
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Fig. 5.3-5 Time series of air temperature (top) and 
water vapor (bottom) at surface observation points. 
The numbers at the top of the figure correspond to 
those in Fig. 5.3-2. SDP indicates the Sapporo 
District Meteorological Observatories located near 
the tower in Fig. 5.3-2.
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5.3.4 Evaluation and validation of the surface 
heat budget 
The surface heat budget was evaluated using the 
methods from Section 5.1. The area observed 
included residential and low built-up areas. Since 
vegetation covered some of the area, latent heat of 
evaporation was included in the heat budget. The 
roughness lengths for air temperature  zr, and for 
water vapor  zg were taken as unknown and were 
determined so as to that the calculated and observed 
surface temperature and sensible heat flux agreed. 
The observed surface temperature was TLRF. The air 
temperature and wind speed above the urban canopy 
used in the surface heat budget evaluation were 
observations made at 90 m AGL on the radio tower. 
Data for this analysis area included a sky view factor 
of 0.81, a canyon aspect ratio of  0.36, a roof area 
ratio of  0.23, and a building height of 7 m. 
The parameters used for the heat budget calculation 
were as follows. The albedo was 0.13 according to 
Section 4.4. The surface emissivity was set as 0.95 
following Arnfield (1982). The thermal property 
parameter of the canopy surface was estimated as 
 2.8x  106  J2s-1K2m-4. by methods shown in Section 
4.4. The aerodynamic roughness was 0.38 in and the 
zero-plane displacement was 3.2 m, following the 
methodology in Macdonald et al. (1998). 
Figures  5.3-6 and  5.3-7 show the calculated and 
observed surface temperature and heat flux. The 
calculated latent heat flux, which was not used for 
the parameter fitting  (zT and  zq), agreed  well with the 
traversing method observations, suggesting both  zr 
and  zg were determined adequately. The 
measurement error of about  50  Win'2 for fluxes 
could be occurred due to the error of wind speed, air 
temperature and specific humidity. The surface 
temperature  (TLRF) would have 0.7 degrees C. 
variation within the area analyzed.
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Fig. 5.3-6 Surface heat budget for August  3, 1996 
calculated (line) using parameters and observed 
(solid circles)  by the traverse method. Top: surface 
temperature. Bottom: surface heat flux. 
The ranges of  zT and  zq were as follows: 
 zT  =  7.8x10-1'3-4.3x10-9m  (kg' =  16-20) 
 zq =  7.8x10-1'  —4.3x10-9  m  (log(zo/zq) =  49-53) 
The evaporation efficiency,  A was estimated to be 
0.32 to 0.35 based on the above result. This value is 
twice the average value on the Kanto plane reported 
in Kuwagata et al. (1990), and may reflect the 10.1 
mm of rainfall that accumulated in the study area 
during the 10 days before the analysis.
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In conclusion, surface heat budget evaluation was 
validated. The parameters calculated the surface heat 
budget accurately. The flux evaluation was done to 
within  50  Wm-2, and the  surface' temperature to 
within 0.7 degrees C, those are as simillar as the case 
in Tokyo.
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 5.4 Canopy structure effect on the heat budget 
The preceding chapters revealed a canopy effect on 
the surface heat budget parameters. In this section, 
the canopy effect on the heat budget is evaluated at a 
one-kilometer horizontal scale for an urban canopy. 
Urban geometry is one of the causes of the heat 
island phenomenon. As described in Section  1.2, the 
three main causes of the heat island phenomenon are 
the following: 
(1) The surface is covered with anthropogenic 
materials. 
(2) The urban area has a canopy structure. 
(3) Anthropogenic heat exists. 
This section evaluates the influence of canopy 
structure and the results could help determine the 
principle cause of the heat island phenomenon,  i.e., 
 canopy structure  versus  anthropogenic  heat. In 
addition, although many heat island studies 
considered the effects of the urban  canopy, few have 
considered the physical effects on the heat budget. In 
recent years, town-scale numerical models have 
begun to treat the canopy structure  explicitly (e.g., 
Kusaka et al., 2001, and Kondo and Liu, 1998). 
Furthermore, the canopy structure is important in 
city planning because it is related to street canyon 
structure, which in turn  affects energy consumption 
and thermal stress on humans via environmentally 
friendly or unfriendly architecture. In this section, 
we discuss differences in the heat budget and heat 
island phenomenon caused by canopy geometry. 
 In this  study, we do not consider the shape of each 
individual building. Heat budget parameters 
transferred the effects of complex building groups to 
the thermally equivalent canopy layer (see Fig. 
 5,4-1). The proposed parameters include the canopy 
effect explicitly and the effect of mixture materials
implicitly. Therefore, building groups can be treated 
as a simple rough surface in the heat budget 
evaluation. An advantage of this transformation is a 
spatially averaged heat budget for the area analyzed. 
As described in Chapter 1, the area average is 
difficult to obtain for air temperature and other 
meteorological parameters, in part because of 
variability in land-cover. For such situations, there 
has been great difficulty in comparing the heat island 
intensity between the cities.  Here, a more universal 
discussion is possible by considering a thermally 
equivalent canopy layer.
Atmospheric Boundary Layer
Heat and Radiation 
   Exchange
       
• if," 
          L-r?
 !Actual  Heterogeneous surface
Thermally 
Equivalent  surface
Fig. 5.4-1 Schematic image of an ideal canopy that is 
thermally equivalent to an actual urban canopy. 
Here, we define the terms and symbols used in this 
section. As shown in Fig.  5.4-2, two surfaces and a 
space are  defined. The term canopy originally meant 
 something like a  tent. In boundary layer meteorology, 
however, canopy sometimes refers to a layer of 
vegetation or buildings. The term canyon (or street 
canyon or urban canyon) is peculiar to urban 
climatology and designates the space between 
buildings. In this study, the canyon does not include 
the roofs. The  canopy, however, includes the whole
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 space. including the roofs. The surface temperatures 
of the canopy and in the canyon are noted as TLRF 
(Longwave Radiation Flux equivalent surface 
temperature) and  T,„ (canyon enclosure surface 
temperature), respectively. TLRF is defined in Chapter 
2.  Tel is the average surface temperature of the walls 
and streets. Here, we define the air temperature in 
the canyon,  Tax, based on the heat exchange inside 
the canyon as shown in Fig.  5.4-2(C). The sensible 
heat flux from the canopy surface to the air above it 
is denoted as  Hp, and that from the walls and streets 
to the canyon air mass as  Hen.
(A) canopy surface 
 Hp
   surface  temperature  : Ti..F 
(B) canyon enclosure surface
           surface temperature : Ten 
      (C) canyon volume 
                                                • 
             canyon air temperature,  Tay 
             sensible heat flux, Hen  = 
Fig.  3.4-2 Schematic image of the urban canopy in 
this  study. Definitions of some of the numerical 
notation are shown. 
5.4.1 Features of an actual urban canopy 
structure 
Structure indices were investigated for 20 cities in 
the Kanto  plain. 13 areas in Tokyo, one area in
Urban surface heat budget and  CallOOV structure
Sapporo, and 7 areas in Sendai in order to study the 
canopy structure of an actual city. These are listed in 
Tab. 5.4-1. The data sources are detailed later. Figure 
5.4-3 shows a positive correlation between two 
 geometrical structure indices, the roof area ratio  Ar 
and a sky view factor for the cities listed in the 
table. Figure 5.4-4 is similar to Fig . 5.4-3, but adds 
the population density as measured by densely 
inhabited districts (DID) based on the data in 
Nakagawa and Nakayama (1995). DID reflect 
population density, and indicate a density exceeding 
40 persons/ha, and a total population of greater than 
5,000. The DID population density indicates the 
stage of  urbanization, and Fig. 5.4-4 shows that 
urbanization reduces both structure indices . As 
urbanization proceeds, crowded residential areas 
(larger Ar and  vi) evolve to higher buildings with 
wider streets around them (smaller  Ar and  VA 
Canopy geometry reflects social and economic 
influence in the city. A clear inverse proportion 
relationship was found between these indices on a 
grid of a few hundred meters (see Figs. 4.2-4). The 
difference could be caused by the grid  size. 
A city canopy can be classified into four groups 
based on Fig. 5.4-3: 
1. A normal urban canopy (broken line A), 
2. An open canopy (B), 
3. A crowded canopy (C), and 
4.  A  niral  canopy  (Ar=  0.2,  ;I/  =  0 .95) 
In the rest of this section, the heat budget is analyzed 
for these four canopy groups.
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Fig. 5.4-3 Relationship between roof area ratio and 
sky view factor in the urban areas analyzed in this 
study. The plotted characters represent each area in 
Tab. 5.4-1. 
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Fig. 5.4-4 Same as Fig.  .5.4-3, but the circle size 
represents the DID population density. 
The data in Tab. 5.4-1 is from Nakagawa and 
Nakayama (1995) for ID a through t, Nakamura et al. 
(2000) for u to  5, and Kawamura et  al. (2001) for 6 to 
12. Cities 13 to 15 were studied using city planning 
 data. Nakagawa and  Nakayama (1995) conducted a 
field survey of 23 cities in the Kanto plain. They 
determined the sky view factor from fish eye 
photographs, and the roof area ratio from aerial 
photographs. They did not mention building  height,
I  circle size: 
                                     ^ 
 DID population density 1104 ikrri=1.1
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so that we reanalyzed the fish eye photographs in 
Nakayama (1995) to count the number of floors of 
building. The floors may have been miscounted to 
higher because of unclear images for low buildings. 
The equation for a reinforced building in Takahashi 
et al. (1981) calculated the building  (z  h) from the 
number of floors  (f).
 z  /2  =  3.0f  +1.0
 (5.4-1)
Shinjuku  (ID:h) is a skyscraper area and building 
floors could not be counted from photographs; city 
planning data were used instead. 
Kawamura et al. (2001) conducted on-site  surveys of 
the number of floors and the use of each building 
(dwelling,  office, restaurant, etc.). The roof area 
ratio was calculated from a precise urban map 
showing each building. The sky view factor was 
calculated using the weighted-averages of building 
height and the roof area ratio. That is,
                                       -1 
 Zh =n-Ariz hi                                 
, (5.4-2) 
n is number of buildings;  Ari and  zh; are the roof area 
ratio and the building height averaged over the 
analysis unit area, respectively. The analysis unit 
area in Kawamura et  al. (2001) was  —104 to  105  m2. 
 Nakamura et al. (2000) classified the urban canopy 
using Tokyo city planning data, including such 
categories as  low building area' and  'mixture area'. 
They did not mention an actual area name, but they 
showed the canopy structure indices and maps for 
each category. Equation 5.4-2 was also used to 
calculate the effective building height for sky view 
factors from data in  Nakamura et al. (2000).
5. Urban surface heat budget and canopy structure 
Tab.  5.4-1 The urban canopy structure. The estimated parameters are also shown. The units of  c  pl. are 
 j2s-'K-2m-4. The names of some cities are different from those in the original study of Nakagawa and Nakayama 
(1995). The names of  u to  5 are category names  in  Nakamura et al. (2000).
ID city
sky  view 
factor
roof area 
































       Chiba 
 Oota 
 Nerima 
      Funabashi 
       Itabashi 
       Matsudo 
      Utsunomiya 
      Shinjyuku 
 Mito 
       Choufu 
 Kumagaya 
       Tsukuba 
 Kichijyouji 
       Iwatsuki 
       Choushi 
        Yuuki 
      Shimozuma 
        Ooarai 
       Shintone 
 Motono 
 Low l 
 Low_2 
 Low 3 
 Mix _l 
 Mix_2 
 Mix 3 
 Middle&High_1 
    Middle&High_2 
    Middle&High_3 
      Downtown 
    Densely built-up 
     Ichibanchou 
     Nakakechou 
 Odawara(Miyagino Sendai) 
 Odawara(Aoba Sendai) 
   Motodera(Sendai) 
  Nishikichou(Sendai) 
 Nijyuninmachi(Sendai) 
       Nakano 
  Susukino(Sapporo) 



















































































































































































































































































































































































 J Urban surface heat budget and  canopy structure
5.4.2 Calculation conditions 
In this study, we are interested in the effect of 
geometrical  structure on the heat balance, so we do 
not consider its interaction with the local circulation. 
This analysis is a so-called off-line simulation. We 
set up the external conditions of the surface heat 
budget: air  temperature, wind speed, and water 
vapor at the reference height. Thus, we can study 
different city structures with one local climate, i.e., 
skyscrapers, downtown, suburbs, and  rural area in 
one plain. Strictly speaking, the heat island intensity 
must be determined as a difference in one local 
climate. Therefore, in addition to the given condition 
at the reference height, the same condition was used 
for every canopy structure. 
One-month averaged diurnal variations were 
calculated from the observed  data, which includes 
rainy days, in August 1999 to give typical summer 
conditions in Tokyo. The reference height was 30  m 
in accordance with the building height. The diurnal 
variation in air temperature observed at 103 m AGL 
on the tower was used for calculations at that 
reference height. The wind speed data was observed 
at 74.6  m AGL at the  Tokyo District Meteorological 
Observatory. Other atmospheric parameters were set 
as constant day and night using average observed 
values. The specific humidity was 11 g/kg, and the 
downward longwave radiation flux was 362  Wm-2. 
Figure 5.4-5 shows the temperature, wind speed, and 
the global solar radiation flux used. 
Since we considered the building canopy here, 
evaporation was neglected in the calculation. 
Anthropogenic heat was not considered because the 
focus was on the geometrical  structure.
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Fig. 5.4-5 Atmospheric conditions used in the heat 
budget analysis. These values were monthly 
averages for August 1999. 
The following discussion examines the relationship 
between the geometrical structure of the canopy and 
the surface temperature, sensible heat flux, and 
ground heat flux. The sensible heat flux is an 
important heat sink for the canopy  surface. The 
ground heat flux controls heat storage and has been 
considered a factor in the heat island phenomenon. 
The surface temperature can be considered as a heat 
budget term, controlling the upward longwave 
radiation flux. It also directly expresses the state of 
the heat budget. As shown in Chapter 2, an RF 
effective surface was used as an urban canopy 
representative surface. Therefore, the calculated heat 
flux was that exchanged at the surface between the 
atmosphere  and the buildings or streets. The ground 
heat flux does not include the storage component in 
the canyon air mass. 
Heat island intensity is usually defined as the air 
temperature difference between an urban area and its 
surroundings. The temperature from the heat budget 
is the surface  temperature, which does not always
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correspond to the air temperature. Thus, in the last 
part of this section, a simple model calculates the air 
temperature inside the canyon, and a discussion on 
the heat island intensity follows. 
5.4.3 Sensitivity analysis 
Sensitivity tests were performed to examine the 
influence of each parameter. Although many studies 
have conducted sensitivity tests on heat budget 
parameters (initially, Atwater, 1972, and  Mynip, 
1969, and recently,  Tsutsumi,  1995), they did not 
consider the parameter variation at the earth surface 
carefully. We have estimated the heat budget 
parameters in an actual urban area; consequently, 
more realistic sensitivity tests are possible. 
The heat budget parameters take the following 
values according to Tab.  5.4-1 
 oc  :  0.13— 0.17 
 2.2x  106 —1.7x107  [J2s-11C2m-4] 
 zo:  0.002— 0.49 [m] 
 zT:  9.2x10-6-5.0x10-4 [m] 
 The control run used the following conditions. 
 a = 0.14,  cp/1  =3.3x106  [J2s-1K-2m-4], 
 z0=0.04  [m],  zT =  1.0x104  [m]  (kfri = 6.0) 
 zd=  9.4  [m],  13=  0. 
The result is shown in Tab. 5.4-2. The value in the 
table is the difference from the control run. The max 
and  min subscripts refer to the daily maximum and 
 minimum, respectively. Note that the nighttime
ground heat flux is negative. The table shows that 
surface roughness has the largest influence on the 
heat budget, followed by the thermal property 
parameter, and finally albedo.  AlthoUgh albedo is an 
important parameter in the heat budget, its influence 
is lowest among these parameters, because in actual 
cities albedo does not vary greatly. As for the 
roughness length, three trios of  z0,  zT, and  zd were 
examined in order to consider the sensitivity in an 
actual canopy structure. These trios are those of Mito, 
Oota, and the densely built-up in Tab. 5.4-1. Tab. 
5.4-2 shows that the sensible heat flux increases 
according to  z0. Following this change, the ground 
heat flux and surface temperature decrease. A 
greater  cp/1 causes more daytime heat storage 
 (8G,,,>0 and  811,,,,,<0). The canopy releases the 
stored heat into the atmosphere at night  (gG,„„<0. 
which increases the upward ground heat flux and 
The table also shows the sensitivity for atmospheric 
conditions. Variations in atmospheric conditions, 
which have an echo in reality, are as influential as 
heat budget parameters. Solar radiation  strongly 
influences nighttime heat flux. The albedo has a 
smaller, but similar, effect. This phenomenon is 
linked to daytime heat storage. Heat storage is a 
factor in the heat island phenomenon. This result 
indicates that the nighttime heat island should 
increase as solar radiation increases or albedo 
decreases.
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Tab. 5.4-2 Sensitivity of the surface heat budget for heat budget parameters and meteorological conditions. 
Values are the difference from that of the control run. The subscripts max and  min mean the daily maximum 
and daily minimum, respectively, and 0 means the control run. The unit of temperature is degrees Celsius, and 
that of heat flux is  Wm-2. The control run used the following parameters: a = 0.14,  3.3x 106  [J2s-1K2m4  ], 
 z0=  0.075  zT  = 2.9x  104 [m],  kB-1 =  5.6,  zd = 16  [in] . and  /6  = 0; these were the values for Chiba (ID:a in 
 Tab.5.4-1).
 CS  7-  S(77aX  7-  sniff?  C5I1  max  SHmin  8G  max  6G  min
 a=0.13 
 a=0.17 
 c  =2.2X 106 
  A7X  107-1 c/o-. 
 z0=0.002, z  r=1  .3X  10-5  (kB  1=5.1) 
 z0=0.32, z  T=1  .0X  10-3  (kB  1=5.7) 
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Fig. 5.4-6 Diurnal variation of the heat flux in 
Tsukuba and Funabashi. 
Figure 5.4-7 shows the daytime maximum and 
minimum value of the heat flux and surface 
temperature versus the roof area ratio for four groups 
in Fig. 5.4-3. The daytime surface temperature 
increases with the roof area. A more open canopy 
yields higher daytime temperatures. Conversely, 
nighttime temperatures decrease with the roof area
5.4.4 Heat flux modification due to the canopy 
structure 
In the previous section, we examined the influence 
of each parameter. With those results in mind, we 
further examine the four groups of urban canopy 
structures defined in Section 5.4.1. The discussion 
will focus on effect of canopy geometrical structure 
upon the heat flux. Therefore, we need not consider 
the evaporation from urban green areas, which 
means that the results may not always agree with the 
actual results in nature. Figure 5.4-6 shows the 
diurnal variation of the heat flux in Funabashi 
(normal canopy) and Tsukuba (crowded canopy). 
The Funabashi canopy has a roof area ratio of 0.7 
and a sky view factor 0.63 (Tab. 5.4-1); it is  a  typical 
urban area. At Tsukuba, the canopy of the roof area 
0.24 and the sky view factor  0.93 is almost open 
space. These difference cause big changes in the heat 
budget. Compared to Tsukuba, Funabashi has a large 
daytime ground heat flux, and a large nighttime 
sensible heat  flux. The urban area is difficult to 




 e .(Tsukuba) 
 \ 
 477  /7\ c71- 
 I )            />1 
.  ,  1 
ratio. The influence of canopy structure is about 5 °C 
in daytime, and 4 to 14 °C at night. 
The flux in Fig. 5.4-7 shows the influence of the sky 
view factor; the plot order is crowded, normal, open, 
and rural. The more crowded canopy has a greater 
ground heat flux. The nighttime net radiation flux is 
negative. The canopy structure effect is larger in 
daytime than at night. The daytime sensible heat flux 
appears as an upward convex distribution for the 
roof area ratio. The daytime ground heat flux is 
downward convex, corresponding to that of the 
sensible heat flux. Both ends of the horizontal axis, 
 i.e., roof area ratios of  Ar= 0 and 1, correspond to a 
flat surface, which explains the symmetric nature of 
the plots. The important points in the plot are the 
horizontal positions of the peaks and the physical 
meaning for the convex direction. 
 The relationship between the roof area ratio and 
heat budget parameters was investigated. Figure 
 5.4-8 shows the sensible heat transfer coefficient CH 
in neutral stability, and the thermal property 
parameter cp2, as a function of the roof area ratio. 
The maximum CH occurred for a roof area ratio of 
0.35. Such a canopy structure causes the maximum 
sensible heat flux and facilitates the discharge of 
heat into the atmosphere. Both  cp.i. and CH affect the 
peak position in daytime, because a large  cp2 
increases the ground heat flux both day and night. 
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 Fig. 5.4-7 Relationship between canopy  structure, 
surface temperature, and heat flux. The daily 
maximum and minimum values are shown. The 
surface temperature is the LRF equivalent surface 
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Fig. 5.4-8 The coefficient for the sensible heat 
transport CH and thermal property parameter  c  pi, as 
a function of the roof area ratio. 
We now look more carefully at the surface 
temperature. The calculated surface temperature is 
the LRF equivalent surface temperature, which is an 
averaged temperature, including roofs. The daytime 
roof surface temperature will be highest in the urban 
canopy. Therefore. a positive correlation between 
the roof area ratio and the maximum surface 
temperature is expected. In order to clarify the 
influence of  roofs, the canyon enclosure surface 
temperature  Ten, which is the averaged temperature 
inside the canyon walls and streets, was calculated. 
 QT  A  roi  r4,01,                  + (1  —Ar)o-T  e4r,  (5.4-3) 
 T the roof surface temperature. Fig. 5.4-9 shows 
the daytime maximum value of  Ten as a function of 
the roof area ratio.  Ten is negatively correlated with 
the roof area ratio, because the majority of heat 
exchange occurs at the roofs on the right side of the 
figure. It turns out that the roof area greatly 
influences the surface temperature of the whole 
canopy  TLRF  in Fig. 5.4-7.
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Fig. 5.4-9 The canyon enclosure temperature  (Ten) as 
a function of the roof area ratio.  The surface 
temperature is the LRF equivalent surface 
temperature.  Ten is defined in the text. 
5.4.5 Heat islands and canopy structure 
The above discussion revealed the effect of canopy 
structure on the heat budget. The heat flux was 
greatly changed according to the  structure both day 
and night. Heat budget modifications cause air 
temperature changes inside the canopy, which 
influences the heat island intensity. This section 
clarifies the relationship between the heat island 
intensity and the geometric structure of the canopy. 
The focus has been on the canopy  structure, and 
other factors influencing the heat island, such as 
anthropogenic heat, have not been considered. 
Air temperature in a canopy is calculated as follows. 
If an urban canopy layer has infinite extent, 
horizontal advection inside the canopy layer can be 
neglected. For such  cases, the canyon air 
temperature can be determined from the heat 
exchange between the air mass in the canyon, the air 
mass above the canopy, and the surfaces of streets 
and walls. (see Fig. 5.4-2). 
  —  (1—  Ar)A0H +  Ae„H  e„ 
                aT
         = c ppz,,A„ (1—4.)ay   at (5
.4-4)
 Ao is the horizontal area (lot area) of the urban 
canopy analyzed.  Hy is the sensible heat flux from 
the canyon to the air above it. Aen is the total surface 
area of the canyon (the sum of the areas of the walls 
and streets). Hen is the sensible heat flux from the 
walls and streets to the air mass in the canyon.  Zh is 
the building height.  Tay is the average air temperature 
inside the canyon. Schematic representations for 
these notations are in Fig. 5.4-2.  Hy can be calculated 
from the sensible heat flux from the whole canopy 
 Hp, which was calculated in Fig. 5.4-7. 
 H =  A,.Hroof +  (1  —  Ar)H  y                                (5.4-5) 
 Hioofis the sensible heat flux at the roof surface, and 
the heat budget on the flat concrete material surface 
is used to calculate  H,,„f A bulk parameterization 
describes  He,, as follows
 1-1,„=Cp,o„CHU(Te„—T„,) (5.4-6)
 T0y.  Ten, and U are air temperature, surface 
temperature, and wind speed averaged in the  canyon. 
respectively. The sensible heat transfer coefficient 
CH was assumed to be that of an asphalt surface in 
Sugawara and Kondo (1995). The wind speed U 
would be less than that above the canopy Uo, 
depending on the geometrical  structure of the canopy. 
The experimental formula of U as a function of  U0 
was obtained from observational results in Kiyota 
and Narita (1996).
             (       = I — a exp—b/ 
 U„ h  2 
 =  1 .3  b  =  1.3  (5 .4-7) 
 W  is the street width;  Aen, the sum of the surface area 
of walls and  streets_ can be written as follows
    (/   Aen/4 =72z"+1)(1— Ar) 
      W 
   ̂  (5.4-8) 
We are now ready to consider the effect of canopy 
geometry on the air temperature in the canyon,  Tay.
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Fig.  5.4-10 shows the daily maximum and minimum 
air temperatures. The canyon air temperature is 
negatively correlated with the roof area ratio in 
daytime. The air temperature can vary up to 12 °C in 
the daytime, and up to 7 °C at night according to the 
canopy structure. The temperatures in deeper 
canyons are higher due to the weak heat exchange 
with overlaying air. lower wind speed there. The air 
temperature difference from that at  Ar-0 
corresponds to the heat island intensity. The canopy 
structure produces a cool island in daytime and a 
heat island at night. As shown in Fig.  1.1-1, the heat 
island intensity in cities in Japan is  1-5  °C. Although 
a rough evaluation, the canopy structure effect 
caused a heat island with the same magnitude as that 
 observed. 
Some studies have described the cool island 
phenomenon (Watanabe, 1990, and Yamashita, 
1990). Possible reasons for cooler temperatures in 
urban areas include building shade or advection  by 
cold sea breezes. However, Fig. 5.4-10 shows that 
cool islands could be caused by the canopy structure.  
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Fig. 5.4-10 The canyon air temperature  (TO as a 
function of the roof area ratio. 
To increase realism, evaporation was considered for 
rural areas. The rural air temperature was calculated
22 — 
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for the "rural" canopy structure in Fig. 5.4-1, with an 
evaporation efficiency  13 of 0.16, a value estimated 
as the average for the Kanto plain in Kuwagata et al. 
(1990). Fig. 5.4-11 shows the resultant heat island 
intensity. A heat island appeared even in daytime. 
Comparison with Fig.  5.4-11 reveals that the effect 
of rural evaporation  (,(0 and 0.16) is about 3 °C. 
This corresponds to about one third of the canopy 
effect shown in Fig. 5.4-11; therefore, the canopy 
structure influences the heat island intensity as much 
as the evaporation effect. 
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Figure 5.4-11 Effect of canopy structure on the heat 
island intensity. The solid line indicates the  rural 
evaporation case  ([3=0.16), the dashed line denotes 
the no-evaporation case  (,(0) 
Once leaving from the meteorology, we would like 
to look into the city growth shown in Fig. 5.4-12. 
Both axes are same as those of Fig. 5.4-3 and each 
plot corresponds to an urban canopy; Tsukuba (ID:1), 
Choushi  (o); Iwatsuki  (n). Itabashi (e), Choufu (j), 
Oota  (b). Nerima (c), and Kichijyouji  (m). These 
urban canopies are those of typical in each growth
5 Urban surface heat budget and cano  structure
stage. Numeral at above plot is the DID population 
density. The definition of DID is shown in Section 
5.4-1. At the beginning of urban growth, the roof 
area ratio increases although not so much in the sky 
view factor. This is because people build 1 or 2 
floors houses on vacant lot. When the most of lots 
are occupied by the houses, then they begin to build 
higher buildings; the second stage of the city  growth. 
In the second stage, the roof area ratio rather 
decreases and the sky view factor increases. This 
stage would be divided into three types, because of 
the Japanese act for building construction. Generally 
it strictly regulates the building height for safety, 
however the regulation is eased when they make 
open space around the building. Therefore, if the 
city-planning bureau or the inhabitants determine to 
build such tall thin buildings, the sky view factor 
does not decrease so much (open in Fig. 5.4-12). On 
the other  hand, thick buildings reduce the sky view 
factor (crowded in the  figure).
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Figure 5.4-12 Heat island intensity as a function of 
the canopy structure indexes: the sky view factor and 
the roof area ratio. Each circle corresponds to an 
urban canopy. Circle size denotes the heat island 
intensity. Numeral is DID population density. 
Arrows indicate the city growth at each stage. 
Now returning to meteorology, we can look the heat
island intensity at each growth stage. The circle size 
in the figure indicates the heat island  intensity, 
calculated with the reference rural area of wet 
condition  (,(M.16). In the first stage, from rural to 
residential area, the heat island intensity increases. 
In the second stage, however, the heat island 
intensity shows different transition at each three 
 types. It decreases in an open canopy, however 
increases in the crowded canopy. The difference of 
heat island intensity is caused by the change of 
thermal property parameter of urban canopy. As 
shown in Fig.  5.4-11,  nighttime air temperature in a 
canopy is much influenced by the canyon  openness; 
 warmer at the crowded canyon. By means of the 
canopy structure, the heat island intensity shows 
unique transition at each stage of the city growth. 
In conclusion, the canopy has the following effects 
on the heat budget and the heat island phenomenon: 
• The albedo has little influence to the heat  budget . 
On the other  hand, the influence of the surface 
roughness length is relatively large. 
• The canopy structure causes the nighttime heat 
island phenomenon, which had a maximum 
magnitude of 7  'C. 
• The heat island due to the structure effect was of 
similar  intensity to that caused by evaporation 
differences between urban and rural areas. 
• The heat island intensity shows unique transition 
at each stage of the city growth. 
5.5 Conclusion 
The surface heat budget was evaluated for an urban 
area by using parameters estimated in Chapter  4. of 
about 50 km2. The atmospheric boundary layer heat 
budget observed by airborne measurement validated 
the surface budget evaluation. The validation results 
indicated that the methodology shown in Chapter 4 
estimates the surface heat budget parameters for an 
urban canopy accurately. Heat budget parameters 
can be determined from city planning data. These 
parameters allow us to evaluate urban canopy heat 
budget to within 45  Wm-2.
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The urban canopy heat budget was  analyzed for the 
canopy structure of the major cities in eastern Japan. 
Heat islands occur at night due to the geometrical 
canopy effect. Their magnitude was comparable to 
that caused by evaporation differences between 
urban and rural areas.
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Appendix 




























 Stefan-Boltzmann coefficient  [JK-4] 
density of dry air  [kgm-3] 
specific heat of air  [JK"'kg-I] 
solar radiation flux  [Wm-2] 
wind speed  [ms-1] 
downward longwave radiation flux  [Wm-2] 
sensible heat flux  [Wm-2] 
evaporation amount [g] 
latent heat of evaporation  [J/g] 
ground heat flux  [Wm-2] 
surface temperature [K] 
LRF equivalent surface temperature [K] 
canyon enclosure surface temperature [K] 
air temperature  [K] 
air temperature in the  canyon [K] 
saturated specific humidity for temperature
Monin-Obukhov stability length [m] 
heat capacity of the surface  PK-1ml 
heat conductivity of surface [J 
aerodynamic roughness length [m] 
roughness length for air temperature [in] 
zero-plane displacement  [in] 
building height [m] 
street width  [m] 
roof area ratio
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AP 5.7 Parameterization of the ground heat flux 
Parameterization for the ground. heat flux G 
followed Kondo (1992). The  1D underground heat 
transfer equation is, 
 OTg „27,                   ug  
 at cp  az  2  (5.7-1) 
 Tg  is the underground temperature. 2, c, and  pare the 
underground heat conductivity, specific heat, and 
density, respectively. Given a surface temperature as 
a periodic  fimction of diurnal variation, Eq. 5.7-1 
can be solved under the half-infinite boundary 
condition. 
 2'  =  Ts,n  +  cos(iod  t  —  0)  (5
.7-2)
Tg  =1",,  +  cos(i  co  t  —  0,  —E1)
 cv  cp  T 
=  T5.1 exp  22 
J                                 (5 .7-4) 
The subscript m means an average component, and i 
is the i-th component of variation.  co is the angular 
velocity,  5.27x10-5  s-1. G can be determined as 
 follows: 
 az  z=.0                               (5.7-5) 
 7r 
 Gi  cos  icvt—p1+-
                    41 , and (5.7-6) 
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Accurate assessment of atmospheric conditions 
within a city is difficult because of the variation in 
land-cover, and canopy structure. The atmospheric 
variation in an urban area is as great as the range 
between the city and its suburbs. Because of this 
heterogeneity, assessment of the urban climate has 
been problematic. In order to argue the common 
features on all cities, this study evaluated the heat 
exchange over the whole urban canopy, with the 
horizontal scale set at one kilometer. The heat 
budget parameters were determined by observation 
and theoretical calculation. 
The relationship between the urban heat budget 
parameter and the urban geometry has been 
established in this study. This relationship makes it 
possible to determine the heat budget parameters of 
an urban area by examining city planning data. The 
same parameterizations for heat budget on flat, 
homogeneous surfaces were used to determine the 
heat budget for the urban canopy. The parameters for 
the canopy included the effects of the canopy 
geometrical structure and mixed land-cover. These 
parameters can be used in the meso-scale numerical 
 model, which does not account for building shape 
explicitly. The main  findings of this study are 
summarized  by the following  points:
  When determining the heat budget of the 
whole urban canopy, it is necessary to specify the 
representative canopy surface in order to 
accurately measure the effective surface 
temperature. A radiometric temperature obtained 
from upward  longwave radiation flux is the 
effective surface temperature. (Hereafter, this will 
be referred to as flux equivalent radiometric 
temperature.) This study demonstrates that flux 
equivalent radiometric temperature is an effective 
temperature for both the sensible heat flux and the 
upward longwave radiation flux. 
 Based on the observation and theoretical 
calculation, the flux equivalent radiometric 
temperature was compared to the  radiometric
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 temperature by a narrow field of view  IR sensor. 
 The difference was affected by diurnal variation, 
 due to the distribution of sunshine and shade, and 
 the urban canopy's geometry. A narrow-view 
 radiometric temperature measured from above the 
 urban canopy could be converted into the flux 
 equivalent radiometric temperature using canopy 
 geometry and an air temperature in the canopy. 
•Airborne observation with a wide field of view 
 sensor was done to evaluate the albedo decrease 
 caused by multiple scattering inside the canopy. 
 This type of observation has not been used in 
 previous urban climate studies. The results show 
 that the effect of multiple scattering is dependent 
 on canopy structure. The amount of vegetation 
 within a city also affects the albedo. 
•Stanton-number B (or  St) is a parameter that 
 indicates the relative efficiency of sensible heat 
 transport to momentum transport. Observation 
 conducted in an urban area showed an absolute 
 value of 0 to 20 for  kB-1  . The daytime  kB-1 showed 
 a connection to canopy structure. Wind tunnel 
 experiments in other studies showed that certain 
 structures intensify the maximum sensible heat 
  exchange. 
•To determine the thermal property parameter 
 c  pit of a representative canopy surface, a model 
 calculation was used. When compared with flat 
 and homogeneous  surfaces, this method showed 
 an increase in  c because of the canopy structure. 
 This phenomenon was also noted in an urban area 
 with  cpA obtained from surface temperature 
 measurements. The canopy effect on  c  pl is due to 
 an increase in surface area, and canyon structure. 
 The canopy effect can be calculated from canopy 
 geometrical structure.
Using the previously stated parameters, an estimate 
of the urban canopy heat budget was calculated. The 
resulting surface sensible heat flux was compared to 
that measured using the heat budget of the 
atmospheric boundary layer. The comparison 
indicated that the calculation of heat budget was
6
accurate. Use of these parameters demonstrated that 
heat flux could be estimated to within an error of 50 
 Wm-2, and surface temperature to within 1 degree C. 
Using city planning data from the major cities in 
eastern Japan, urban canopies were examined and 
heat budget parameters were determined. The results 
reinforced the following points:
A new method of measuring spatially  averaged 
 temperature is proposed in the appendix. Although 
obtaining enough accurate measurements for urban 
climate study is difficult at that present time, it will 
be an effective method in the future when we can see 
development of a pressure gauge.
• Although albedo is generally an important 
 heat budget parameter, urban canopy structure has 
 little effect on it and albedo levels do not differ 
 between these cities. 
• The influence for heat budget is large in this 
 order: a surface roughness, a thermal property 
 parameter, and an albedo. 
• The heat budget of an urban canopy is strongly 
 influenced by roof area ratio. Moreover, particular 
 canopy structures caused maximum sensible heat 
 flux. Other types of canopy  structures caused 
 nighttime maximum ground heat flux due to the 
 thermal property parameter. 
• The nighttime heat island phenomenon could be 
 caused by the canopy effect. Its magnitude 
 calculated was identical to that observed in 
 previous studies: The canopy effect for heat island 
 intensity reaches the effect of evaporation restraint 
 in cities. 
• The structure of the urban canopy causes unique 
 heat island development at each stage of a city's 
 growth. 
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Appendix New Evaluation Method of Area 
Averaged Air Temperature 
AP 7.1 Introduction 
Since the 19th  century, urban heat islands have been 
the target of research. Much is already known about 
heat island intensity in many cities. Generally, heat 
island intensity is defined as the air temperature 
difference between urban and rural sites.  However, 
air temperature is greatly affected by smaller scale 
temperature disturbances, so heat island intensity 
varies greatly depending on exactly where the 
observation point is located within the urban area. 
For example, Narita (1997) showed that urban air 
temperature variation could reach 2 K at 
differently-oriented street canyons. A street canyon 
produces a wide variation of solar radiation 
depending on its orientation. It results in an air 
temperature variation that is in the same range as the 
heat island intensity. As for the surface heat flux, 
Schmid et al., (1991) showed, from their 
observations in suburban  areas, that heat flux 
variability was as high as  25-40%. The same 
problem of representativeness of measured air 
temperature and heat flux can be seen in complex 
terrains, i.e. thermally heterogeneous environments. 
Apart from urban climates, details of this issue in 
boundary layer climate were well summarized in, for 
example, Brutsaert (1998) and Mahrt (1996). In such 
heterogeneous environments, it takes hard work to 
determine only one air temperature that represents 
the whole city (or rural area). The heat island 
intensity measurement is always in danger of being 
 "area-representative." 
As a solution to this problem, we tried four methods 
of temperature observation: 1) assuming the average 
at many points as a representative  one. 2) measuring 
air temperature by a tower at  "blending height" 
 (Mason, 1988), 3) standardization of the thermal 
environment around the thermometer, and 4) 
checking the source area (Horst and  Weil, 1994; 
Schmid, 1994) at each observation site. However 
methods were not always sufficient for its warranty 
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of representativeness or its assumptions. The first 
method should need so many measurement points to 
achieve the statistical significance. It might be 
inadequate method for its much costs. In addition, 
we do not know how many measurement points are 
enough for determining representative temperature. 
The second  method could not give  us the air 
temperature  inside the urban canopy  layer. The 
method 3 is usually used at fixed meteorological 
stations. For example, at each station, the 
thermometers are set at a fixed height above the lawn. 
It would not be adequate for its costs. The use of 
source area (method 4) is one of the more promising 
ways to know the representativeness of measured 
 data, but the source area represents just the weight 
ratio for the distributed source, not the strength of the 
 source. 
In this study, a new method of measuring 
area-averaged air temperature is presented. The 
area-averaged temperature was estimated from the 
air pressure gradient at two altitudes. In a state of 
hydrostatic equilibrium, the temperature of the air 
mass can be determined from pressure data. This 
 estimated temperature is more representative of the 
area-averaged air temperature than the directly 
measured temperature, because air pressure can be 
more readily area-averaged than directly measured 
temperature can. The estimated temperature would 
not be disturbed by small scale temperature variation, 
and could be used as a reference temperature in 
thermally heterogeneous urban areas. 
Throughout the rest of this paper, we refer to this 
estimated temperature as the area-averaged 
temperature. In the first half of this paper, our 
estimation method, along with the precision of 
area-averaged temperature, is explained. In the last 
half of this paper, the measurements we obtained by 
using our new method were compared with the 
measurements that were obtained by using the usual 
thermometer  method, in order to see whether the 
new method accurately represented the 
area-averaged temperature. Thermal heterogeneity 
was quantitatively evaluated.
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AP 7.2. Estimation methodology of 
area-averaged temperature 
A) Methodology 
The area-averaged temperature  TU,, is expressed by 
using the pressure gradient  JP as follows:
 =T v  +  0.608q,,,,)  (AP  7-1)
 Pavgdz
RdP  , and (AP 7-2)
Pay=Pclz IIdz 
              
.  (AP  7-3) 
Here,  T,, is the area-averaged virtual  temperature,  dz 
is the vertical distance between two  barometers,  P,,, 
is the averaged pressure, and  q„ is the averaged 
specific humidity of the target air mass. As shown in 
Eq. AP 7-2, the resulting  TL, is the temperature at 
altitude where the air pressure is  P. In determining 
 Pc„, from Eq. AP 7-3, the air temperature and specific 
humidity were linearly interpolated between the top 
and bottom of the air mass.  go,„ was evaluated as an 
average of measurements at two altitudes. This 
simplification was valid because  Ta, is one order less 
sensitive for  qa„ than for the other  factors. 
B) Observation 
To validate this new  method, we conducted our 
observation campaign during the summer of 1999 . 
Air pressure was measured at two building roofs in a 
highly built-up area of Tokyo (Fig.AP 7-1). The 
building height of the upper site was 277m ASL, and 
49.2m ASL at the lower site. The horizontal distance 
between them was 1.9km. On the 277m building 
 roof, we also conducted measurements of the air 
 temperature, relative humidity, and wind speed by 
3D sonic anemometer. The sonic anemometer was 
set at 19.9m above the roof to avoid localized 
disturbances caused by proximity to the building . 
The instruments used are listed in Tab. AP 7-1.
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 Tab. AP 7-1
ed air  temperature
Observation specification. The absolute  accuracy was reported by manufacturers .
Location
 Upper site 
(Building roof 
    of 
Metropolitan 
government)




  Height 
 above sea, 
above gournd





29th July to 
26th August
28th July to 
 25th August
Instruments
  Air temperature and 
   relative humidity 
 (HumicapNAISALA) 
     Air pressure 
 (PTB200ANAISALA) and 
   3D wind speed 
   (WT395/Kaijo)
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Fig. AP 7-1 Location of measurement points.  P1 is 
the upper site of the pressure measurement. P2 is the 
lower site. Other closed circles are rainfall 
measurement sites.
C) Correction for dynamic pressure 
The static pressure difference is needed to calculate 
the area-averaged temperature, so that dynamic 
pressure by airflow around the barometer is the error 
factor. The dynamic pressure for the rooftop 
barometers was caused by the following factors of 
different  scales; 1) the shape of the inlet of the 
barometer causes fluctuation according to wind
137
direction, and 2) the air pressure at the building roof 
usually has a negative bias from the static pressure 
due to the airflow around the building. To solve the 
first problem, a non-directional, single-board type 
inlet was used with the barometer (Nishiyama and 
 Bedard, 1991). Two barometers were calibrated 
outdoors with this inlet. The amount of data gathered 
was 8784, and the calibration error was  0.016hPa 
(standard deviation). The later dynamic pressure can 
be shown as follows:
 SP  =  all2  .  (AP  7-4)
Here,  SP is the dynamic pressure due to the  airflow, 
u is the wind  speed, and a is the constant depending 
on the roof structure and location of the anemometer 
which is used to measure u. On determination of a at 
the upper site, it was assumed that Eq.AP 7-4 is valid 
for the turbulent component  u'  (11'  u —  u„), and a 
was determined from the wind speed data observed 
by 3D sonic anemometer.  tia, was 30 minutes 
average in this study. Figure AP 7-2 shows the a 
variation for wind direction at the upper site. The 
coefficient a goes both positive and negative 
because that particular building had a complex roof
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structure. The standard deviation of  fitting and the 
number of data are also shown. Wind direction was 
mostly from SE to  SW, which means that large 
standard deviation around W through N to E is not 
serious in actual correction. This fitting error was 
included with the data number measuring weight in 
the error evaluation shown later. 
At the lower site, we could not obtain enough wind 
speed data to make a a determination. Therefore,  OP 
was calculated by using the reference pressure 
measured by the Japanese Meteorological Agency. 
Their reference barometer was located in the room of 
a building that was about 8km away from our lower 
 site, where it would not be affected by dynamic 
pressure. a was determined by this  SP, and wind 
speed u measured by  aero-vane near the lower site. 
In determining a, the height difference between the 
reference barometer and our barometer was 
considered. The dynamic pressure was corrected by 
using this a and the aero-vane wind speed data.
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Fig. AP 7-2 Coefficient for dynamic pressure 
correction at each wind direction. The error 
(standard deviation, left axis) and data number at 
fitting (right axis) are also shown.
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D) Correction for horizontal pressure gradient 
Because of the difficulty of finding measurement 
sites in urban areas, the two sites in this study were 
located 2km away from each  other. These locations 
were not ideal for measuring the vertical pressure 
gradient, and the horizontal gradient of pressure was 
an error factor for estimating the area-averaged 
temperature. The horizontal gradient between these 
sites was evaluated from data obtained from the 
measurement network near our sites by the Japanese 
Meteorological Agency. The results showed that the 
horizontal gradient was usually about  1.7X  le hPa , 
which was not large compared with the other factors 
shown in the next section. Therefore, the horizontal 
gradient was neglected in this study. 
E) Averaging period 
The measurement interval of pressure was 1 minute 
at the lower site, and 10 seconds at the upper site. 
The pressure data must be time-averaged for 
analyzing Eq. AP 7-2, because the hydrostatic 
equation does not always hold good. At each 
moment  only the equation of vertical motion holds 
good, and it can be simplified to the hydrostatic 
equation in the circumstances of steady state. The 
averaging period should be long as to the hydrostatic 
equation holds good. However, with long averaging 
periods, the thermal structure of the atmosphere 
would be  changed, and the resulting area-averaged 
temperature would become meaningless. To 
determine an adequate averaging period, the 
power-spectrum of 10 seconds interval pressure data 
was analyzed for each day. There were some 
different spectrums obtained on fine days as opposed 
to rainy days, however there was no significant peak 
measured in any weather condition. Therefore we 
defined the averaging time as 10 minutes to 
synchronize with our other measurements. The 
pressure perturbation from hydrostatic state would 
be diminished more quickly than 10 minutes.
 Appendix 1
AP 7.3 Accuracy of area-averaged air 
 temperature 
Accuracy of area-averaged air temperature  (T„) was 
evaluated as  follows, 
       (5'T,0.608 Sr„
ql 
 T„,  Ty  1+  0.608q 
 ST,   +  6.1  x  1  o-1 8,71 
 T,                       and (AP 7-5) 
STSPSelzSdP        C.1V  + 
 T, dz dP                      . (AP 7-6) 
Here  SX means the error of value X. Each term was 
estimated as follows: 
SP, _ 3.5            = 3 .5 x10-3 
P 1000                      (
systematic error )  , 
(AP 7-7) 
SP.1.1 
  = 1.1x 10-3 
    1000                    (
random  error)  , (AP 
7-8)
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 8dP  3.2x10-2 
 =  2 .4  x10-4 
dP 25 
7-10)
&I Z  k 
dz = 7;
 Sd z 




 2.2  x  10-3
 SidP  6.1x10' 




 (  random  ) ( AP
 (systematic)  , (AP 7-11)
 
(  systematic )  ,
(AP 7-12)
  = 1.3  x10-4  (systematic)  
, and (AP 7-13)
 =  2.6  x10-'  (
random)  .  (AP  7-14)
Here the systematic error was due to the absolute 
accuracy of each instrument, and would result in a 
bias error of the area-averaged temperature. The 
random errors were obtained as a standard deviation 
of the mean (SDOM). The random errors would 
cause fluctuation of the area-averaged temperature . 
The  SP and  LIP included the errors of dynamic 
pressure correction. The error of  Pa, was evaluated 
by Eq.AP 7-3 using the error of air temperature and 
humidity. As a result, the total errors are: 
 ST  "  
=  6 .0  x10-3 
 Tay               (




 =  2 .4  x  10-3
(random)  . (AP 7-16)
in the case of  T,,--=-300K.
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 ST=  1.8        (
systematic) and (AP 7-17)
 STciv—  a  7  (
random)  . (AP 7-18) 
We saw that the resulting area-averaged temperature 
could have a  1.8 K bias error, and it could also have a 
0.7K random error. Unfortunately, the area-averaged 
temperature estimated in this study was less accurate 
than the measurement by normal thermometers. For 
more precise observation, some improvements will 
be needed, especially in dynamic pressure 
correction.
AP 7.4 Size of the averaged area 
How large an area does this area-averaged 
temperature represent? It can be imagined that the 
averaged area would be larger as the vertical 
distance of the barometers gets longer. However, 
this is hard to determine theoretically. In this  study, 
the averaged area was determined in an experimental 
way as follows. In rainy conditions, the density of air 
mass increases due to the weight of raindrops. The 
measured pressure difference is the sum of the 
weight of air and of the weight of these raindrops. In 
rainy  conditions, therefore the area-averaged 
temperature obtained from the pressure gradient is 
much  lower than the directly measured air 
temperature. This difference due to the raindrops is 
larger than the effect of thermal  heterogeneity, 
which also shows differences. Therefore, it is 
possible to determine the averaged area by analyzing 
the distribution of the raining areas that have been 
passing through and around the observation sites. 
The areas where it was raining were detected by 
radar and rain gauge data in this study. Figure AP 
7-3 shows one example of radar echo distribution on 
August 24th 1999. Figure AP 7-4 shows the
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evaluated area-averaged temperature  (LA the 
directly measured temperature at the station 0 in 
Fig.AP  7-1  (T0), and the precipitation. The 
temperatures are shown in the form of potential 
temperature. Each set of precipitation data was 
averaged from two different points. These groups of 
rain gauge station were determined according to the 
shape of the radar echo. As shown in both the echo 
distribution and the precipitation, the areas with rain 
moved from northwest towards southeast, passing 
through the pressure measurement sites. The times 
series of precipitation were consistent with radar 
echo distribution. Here, we can see that the radar 
echo distribution at 19:41 showed no echo around 
the pressure measurement sites. This echo-free 
situation is consistent with the lesser temperature 
difference between area-averaged and directly 
measured temperatures in Fig.AP 7-4. It means that 
the barometers could not detect the rain area around 
them. Therefore, the averaged area of pressure 
measurement was smaller than the echo-free area 
was. A total of 8 cases were analyzed, and the 
resulting averaged area encompassed a radius of 
about 10km around the pressure measurement site. 
This representative area was much larger than that of 
the area measured by direct measurement of 
temperature and by the scale of thermal 
heterogeneity in urban areas, and would be large 
enough to measure the representative air temperature 
in urban areas. Here we would like to bring up two 
points about our analysis; 1) The horizontal distance 
between the two measurement sites (2km) could 
widen the averaged area, and 2) The radar echo does 
not  always coincide with the areas where it was 
raining. In addition, the radar echoes used here were 
2km high CAPPI's (Constant Altitude Plane 
Position Indicators), because they could avoid 
ground craters, but were above the target air mass. 
These disagreements between radar echo and raining 
area were avoided by simultaneous analysis of rain
 A  DD  endix 1 New evaluation method of area avera ed  air  tem erature
gauge data. 
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ig. AP 7-4  Temperature time series during raining 
period on 24th August 1999. The area-averaged 
temperature  (T  a„) and directly measured one  (T0) 
were shown in the form of potential temperature. 
Precipitation was also shown. Each precipitation 
group was average of two observation points 
(Fig.AP 7-1).
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ASL. Hatch shows the radar echo intensity (dBZ). Two diamond marks indicate the location of the pressure 
measurement.
142
 AoDendix 1 New evaluation method of area  avera2red air  tern erature
AP 7.5 Validation of representativeness of the air 
temperature data 
Earlier in this paper, we stated that the area-averaged 
temperature from our pressure measurement was 
representative of the air temperature at about  300km2 
above the urban canopy, and that its accuracy was 
 1.8K as a systematic error, and 0.7K as a random 
error. In this section of the  paper, we validate the 
representativeness of the air temperature that was 
measured directly by thermometer. 
The directly measured temperatures, which were 
taken above the urban canopy layer, at the roof  level, 
and inside the urban canopy, were compared to the 
area-averaged temperature. The temperature above 
the canopy was measured at the upper site of the 
pressure  measurement. The roof level temperature 
was taken as an average of three different sites in 
 Tokyo. Temperature time series on fine days were 
shown in Fig.AP 7-5 in the form of potential 
temperature. You can see that the daytime 
temperatures were almost the same, but differed at 
night. The averaged difference between 
directly-measured temperatures and area-averaged 
temperatures was 0.6K in the daytime, and 1.3K in 
the nighttime on fine days. This daytime 
homogeneous thermal environment is due to the 
turbulent convection. The daytime difference is less 
than the random error of area-averaged temperature. 
Therefore, it is understood that the bias error of 
area-averaged temperature in actual situations would
be less than  formerly estimated, and we can see that 
the total error would be as much as random error.
0.7K.
The large differences in the nighttime temperature in 
Fig.AP 7-5 could be caused by the building canyon 
structure. The canyon structure prevented nocturnal 
cooling to occur inside  it, and the temperature 
remained higher than the area-averaged temperature. 
The temperature above the canopy was also higher 
because it was too far (about 220m) above the urban 
canopy. As for the roof level temperature, it was 
lower than the other directly-measured temperatures. 
The roof level temperature shown in Fig.AP 7-5 was 
an average of only 3 different sites, rather than of 
many, however from our results from these 3 sites , 
we propose that the largest cooling occurs at roof 
level rather than in the canyon. The cooling at roof 
level would be due to the radiation cooling on the 
roof surface. The area-averaged temperature would 
be greatly affected by this cooler layer. 
In conclusion, in the  daytime, the directly measured 
air temperatures showed a homogeneous thermal 
environment. The directly measured temperatures 
are a representative temperature of about 300km2 
with a random error of 0.7K. However the nighttime 
temperature was sensitive to its measurement height 
because a cooled layer will be produced at roof level.
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Fig. AP 7-5 Temperature time series during the fine days. The area-averaged temperature and directly 
measured one were shown in a form of potential temperature. The direct measurement were conducted above 
 canopy, roof level and inside the canyon.
We would like to look at another factor of 
heterogeneity, an advection. Figure AP 7-6 showed 
the temperature difference between the 
area-averaged temperature and the directly measured 
one. The directly measured temperature was taken 
above the urban canopy layer. The x-axis was the 
wind direction at roof level. The daytime data on the 
days without rain are shown. We can see that the 
directly measured temperature dipped when the 
wind direction was from S to SW. This wind 
direction is coincident with that of the sea breeze on 
a summer day in Tokyo (Shimoyama, 1996). In 
addition, most of the variations larger than 3K (25 of 
a total 28 cases) occurred in the afternoon. Therefore, 
we concluded that these variations were caused by 
the cold sea breeze advection. This advection was
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localized around the air temperature measurement 
site and was not large enough in scale to affect the 
area-averaged temperature. Therefore, the sea breeze 
advection effect was evaluated as a maximum 4K at 
this site. 
The advection would be easily detected by 
area-averaged temperature as its difference from 
point-measured air temperature. With area-averaged 
temperature, it is not always necessary to use data 
from many measurement points. The above 
discussion leads us to consider evaluative methods 
for the representativeness of measured value. 
Considering the scalar source area is one of the 
methods used in evaluating representativeness. The 
source area is, simply put, a weight function for the 
representative area of measured flux or scalar value.
 Appendix  1 New evaluation method of area avera ed air  temperature
However, we would like to point out that the source 
area would not have much meaning in an advection 
case such as the one portrayed in Fig.AP 7-6. The 
reason is that the source area does not contain the 
strength of the source, and the value measured by 
sensor is the area-integrated product of source 
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strength and weight function (source area). In 
evaluating the representativeness of measured value, 
the advection should be checked along with the 
source area. The area-averaged temperature shown 
in this study would also be useful for this purpose.













Fig. AP 7-6 Temperature difference at each wind direction.  TI 
temperature as the  directly measured one minus area-averaged one.
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Annendix  1 New evaluation method of area avera ed air tern erature
AP 7.6 Conclusions
A new method of measuring area-averaged air 
temperature was developed. This method would be 
useful in determining the  near-ground air 
temperature in a thermally heterogeneous 
environment. The area-averaged temperature can be 
estimated from the hydrostatic equation and the 
pressure gradient measured at two altitudes. This 
area-averaged temperature is more representative 
than the directly measured one, because the pressure 
is horizontally averaged by itself.
An observation and error analysis were conducted to 
validate the area-averaged temperature. The pressure 
gradient and other meteorological values above the 
urban canopy were continuously measured for one 
month. The vertical distance of the two barometers 
was 227.8m. It was shown that an area-averaged 
temperature estimation with an accuracy of 1.8K of 
systematic error and 0.7K of random error is 
possible. However, the barometers must be carefully 
calibrated and the dynamic pressure must be 
corrected  for adequately. The represented area of 
this area-averaged temperature was evaluated by 
analyzing the area where it was raining. This area 
was about 10km in radius around the pressure 
observation sites in our measurement situation.
The representativeness of air temperature that is 
directly measured by thermometer was compared 
with the area-averaged temperature to validate our 
 findings. The air temperature measured around the 
urban canopy was shown to be representative of an 
area around  300km.2 with an accuracy of 0.7K. 
However some factors of heterogeneity that affected 
the directly measured temperature were found. At 
night, a cooled layer was produced at roof level, 
causing the temperature measurement to be sensitive 
for its measurement height. The advection was 
determined as the factors of thermal heterogeneity, 
whose effect was evaluated as a maximum 4K in this 
case. The authors would like to mention that this 
validation result is not always applicable to other 
observation sites. However, our results led us to the 
conclusion that this area-averaged temperature will
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become useful in  validating the representativeness of 
point- and directly- measured air temperature. It 
would also be of much help in using the source area 
theory.
 Appendix 1 New evaluation method of area avera ed air tern erature
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